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Zusammenfassung

Heutige Roboter zeichnen sich nicht nur durch hohe Präzision in der industriellen Fertigung aus, sondern
können auch sensitiv Kontaktkräfte messen, erkennen und auf diese reagieren. Diese neuen Eigenschaften
haben einen Paradigmenwechsel weg von positionsgeregelten Industrierobotern oder einfachen kollabora-
tiven Robotern hin zu "Soft and Tactile Robotics" eingeleitet. Dies hat unter anderem dazu geführt, dass
Roboter nicht mehr aus Sicherheitsgründen in Käfigen operieren müssen, sondern in direkter Nähe zum
Menschen arbeiten können. Die Technologie ist mittlerweile so ausgereift, dass sogenannte "Soft and Tactile
Robots" heutzutage in großen Stückzahlen Einsatz in unterschiedlichsten Branchen finden.

Für diese Robotersysteme hat sich ein Antriebskonzept durchgesetzt, welches auf Drehmomentsensoren
zur Nachgiebigkeits- und Kraftregelung sowie Kontakterkennung, Wellgetrieben mit hohen Untersetzun-
gen, und bürstenlosen Gleichstrommotoren mit hoher Drehmomentdichte basiert. Für die Grundregelung
dieser Robotersysteme wird eine Kombination aus einer (dem Menschen nachempfundenen) Impedanz- und
Kraftregelung sowie einer unterlagerten Drehmomentregelung verwendet.

Die wissenschaftliche Hypothese dieser Arbeit besteht darin, zu zeigen, dass komplexe Robotersysteme
mit aktiver Nachgiebigkeits- und Kraftregelung systematisch unter Verwendung eines verallgemeinerten
mechatronischen Entwicklungs- und Syntheseframeworks entworfen werden können. Das Framework wird
erfolgreich an drei Robotersystemen validiert, die, basierend auf unterschiedlichen Aktoren, Sensoren und
Transmissionskonzepten, implementiert und experimentell getestet werden. Der Schlüssel zum Verständ-
nis dieses Konzepts ist i) die mathematische Abstraktion des Aktorsystems zur idealen Drehmomentquelle
durch die Verwendung einer zur Aktorik passenden Kraft-/Drehmomentregelung, sowie ii) eine zur Kine-
matik passenden nichtlinearen Vorwärts- und Rückwärtstransformation. Die Folge daraus ist ein "Hardware
Abstraction Layer", der die genaue physikalische Funktionsweise des Aktormoduls verbirgt bzw. auf ein
systemisches Berechnungskonzept generalisiert und somit dessen Verwendung und Analyse vereinfacht.
Ähnliche Abstraktionskonzepte sind bekanntermaßen im Chip Design zu finden, mit welchen die Ans-
teuerung von Milliarden Transistoren über Hochsprachen wie C ermöglicht wurde. In diesem Sinne ist das
Finden und Anwenden von funktionalen und mathematisch beschreibbaren Abstraktionsebenen auch immer
mit technischem Fortschritt verbunden.

Diese Formulierung wird im nächsten Schritt zur Aufstellung eines verallgemeinerten Mechatronikde-
signkonzepts für kraftsensitive und nachgiebige mechatronische Systeme erweitert. Damit lassen sich Robot-
ersysteme mit unterschiedlichen Aktortechnologien und Kinematiken nach ein und demselben "Baukasten-
prinizip" modellieren, simulieren, regeln und auslegen. Folglich spielt dieser Ansatz seine Stärke bei
Robotersystemen mit speziellen Anforderungen aus (wie z.B. tragbare Systeme und Systeme mit neuartiger
Aktorik), bei welchen nicht auf Erfahrung aus Vorentwicklungen zurückgegriffen werden kann.

In dieser Arbeit wird das o.g. Designkonzept zunächst auf sehnenbasierte und pneumatische Robot-
ersysteme, sowie im folgenden auf tragbare, elektromechanische Systeme mit gemischt seriell/parallelen
Kinematiken erweitert. Durch die große Anzahl bestehender Aktortechnologien und Transmissionen kön-
nen naturgemäß nicht alle Kombinationen berücksichtigt werden. Jedoch wurden äußerst unterschiedliche
und damit auch aussagekräftige Systeme ausgewählt und zur Validierung des erarbeiteten Entwurfskonzept
in vielfältigen Simulationen, Implementierungen und Experimenten herangezogen.

Die Arbeit gliedert sich dabei in zwei logische Teile: Während zunächst das o.g. Mechatronikentwurf-
skonzept auf alternative Antriebssysteme (sehnenbetriebene Pneumatiksysteme) angewandt wird, werden
mit dem gleichen Entwicklungsansatz neue Robotersysteme mit besonderen Anforderungen in Form von
Prothesen und Exoskeletten unter dem Paradigma der “Soft and Tactile Robotics“ entworfen und realisiert.

Ein weiteres Ziel ist dabei die gleichzeitige Erforschung von neuen Anwendungsfeldern und Einsatz-
möglichkeiten für diese "Soft and Tactile Robotics" im Bereich pneumatischer Robotik, Prothetik und
Exoskeletten. Die Untersuchungen an pneumatischen Systemen zielen darauf ab, gängige Reglerkonzepte
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der “Soft and Tactile Robotics“ von elektromechanischen Systemen auf pneumatische Antriebe zu über-
tragen. Besonders hervorzuheben sind die zwei Generationen an entwickelten Unterarmprothesen, deren
Entwicklung sowohl das mechanische Design einer spezialisierten Kinematik, als auch die dazu passenden
Regelungsmethoden beinhaltet. Der finale Prothesenprototyp die "Artifical Neuromuscular Prosthesis"
(ANP) imitiert das neuromuskuläre System des Menschen im Sinne eines Körperbewusstseins, Kontakt-
bewusstseins, einer menschenähnlichen Reaktion auf Kontakte und einer menschenähnlichen Kinematik.
Dies wird ermöglicht durch eine in der Robotik üblichen, mathematischen vollständigen Modellierung der
Starrkörperdynamik, die bisher einzigartig in der Prothetik ist. Die ANP ist sich somit ihrer mechanischen
Zustände “bewusst”, kann ihr Eigengewicht für beliebige Oberarmpositionen kompensieren, schätzt Kontakte
und kann ihre Gelenksteifigkeit einstellen. Des Weiteren wurde ein mechatronisches Schulter-Exoskelett
entwickelt, welches durch einen aktiven Prothesenschaft die Belastung am Oberarmstumpf reduzieren kann.
Das System zeichnet sich durch die intuitive Steuerung aus, welche durch Methoden der "Soft and Tactile
Robotics" realisiert wurde. Die Arbeit zeigt eine erste Machbarkeitsstudie dieses neuartigen Prothesenge-
samtsystems, welche durch experimentelle und simulative Studien untermauert wird.

Die Arbeit untergliedert sich wie folgt:
Kapitel 1 leitet in die Arbeit ein. Es wird die Motivation zur Arbeit bzw. zur Erforschung von neuen

Mechatronikansätzen in der taktilen Robotik vorgestellt und der spezifische Beitrag zum Stand der Forschung
herausgearbeitet. Dabei wird das Mechatronikentwurfskonzept für kraftsensitive und nachgiebige mecha-
tronische Systeme skizziert, welches in Kapitel 3 weiter ausgeführt wird.

Kapitel 2 führt durch den Stand der Technik. Ausgehend von taktilen Robotern, die als "Goldstandard"
angesehen werden, wird unter der Variation der Antriebstechnologie auf Vorarbeiten im Bereich pneuma-
tische und hydraulische Roboter eingegangen. Diese Übersicht dient der Einordnung von Kapitel 4. Im
Anschluss wird der Stand der Technik in der Armprothetik und der Exoskelette, die eine spezielle Anwendung
von Robotersystemen sind, vorgestellt. Dies wiederum dient der Einordnung von Kapitel 5 und 6.

Kapitel 3 führt in die Grundlagen für die Methoden zur Modellierung und Regelung der untersuchten
Robotersysteme ein. Neben der Modellierung sogenannter floating base Systeme, wird auch die Model-
lierung und Regelung von sehnenbasierten Systemen beschrieben. Der Abschnitt "Soft and tactile Robotics"
erklärt die grundsätzlichen Regelkreise und Methoden. Zusammen mit dem Ansatz aus Kapitel 1 wird in
diesem Kapitel das Mechatronikentwurfskonzept für kraftsensitive und nachgiebige mechatronische Systeme
mathematisch beschrieben, sodass die Funktionsweise eines verallgemeinerten Mechatronik-Entwurfs für
unterschiedliche Aktortypen, Transmissionen und Kinematiken ersichtlich wird.

Im Folgenden wird das Mechatronikentwurfskonzept auf pneumatische Aktorik (Part I), Prothesen (Part
II) und Exoskelette (Part III) angewendet. Bei allen Systemen werden sehnenbasierte Transmissionskonzepte
in der Roboterstruktur verwendet.

Kapitel 4 (Part I) beschäftigt sich mit der Erforschung von pneumatischen Aktoren im genannten methodis-
chen Rahmen und dem Transfer von Methoden der "Soft and Tactile Robotics" auf die Pneumatik. Ausgehend
von einem antagonistischen 1-Degrees Of Freedom (dof) System, welches dem Aufbau der menschlichen
Muskeln nachempfunden wurde, wird ein 2-dof Handgelenk und ein pneumatisches Robotersystem mit 7-
dof vorgestellt und modelliert. Dabei werden Systeme mit steigender Anzahl an Freiheitsgraden untersucht,
um die Generalisierbarkeit des Mechatronikentwurfskonzepts zu überprüfen – aber auch um die grund-
sätzlichen Potentiale pneumatischer Technologie aufzuzeigen. Abschließend wird eine Simulation einer
Leichtbauroboterkinematik mit pneumatischen Aktoren durchgeführt, um Regelung und Aktorik für gängige
Roboterstrukturen zu untersuchen.

Kapitel 5 (Part II) widmet sich der Erforschung neuer Anwendungsfelder für taktile Robotersysteme mit
dem Fokus auf der Entwicklung eines neuartigen, körper- und kontakt-”bewussten” Prothesensystems. Das
Kapitel beschreibt ein neues Paradigma in der Prothesenentwicklung und leitet daraus notwendige, tech-
nische Spezifikationen ab. Die Realisierung der technischen Vorhaben erfolgt über zwei Prototypen (unter
Anwendung des o.g. Mechatronikentwurfskonzepts) mit steigender Funktionalität und optimiertem Design.
Im Anschluss daran werden die Konstruktionslösungen vorgestellt und die geforderten Systemeigenschaften
experimentell validiert.
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Kapitel 6 (Part III) trägt auch zur Erforschung neuartiger Robotersysteme für die Prothetik bei. Zum Schutz
des Armstumpfes wird ein Schulterexoskelett konzipiert, welches das Gewicht der Prothese trägt und als
"aktiver Prothesenschaft" interpretiert werden kann. Entsprechend der Definition des Entwurfs-Paradigmas
werden die technischen Spezifikationen des Schulterexoskeletts abgeleitet. Dem modellbasierten Mecha-
tronikentwurfskonzepts dieser Arbeit folgend, wird ein aktiv geregeltes Simulationsmodell von Exoskelett
und Mensch vorgestellt, welches zur weiteren Systemauslegung und Entwicklung verwendet wird. Die
Konstruktionslösung wird vorgestellt und die geforderten Systemeigenschaften werden in Experimenten und
Simulationen validiert.

Kapitel 7 fasst die Ergebnisse dieser Arbeit zusammen und beschreibt zukünftige Aufgabenfelder.
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Abstract

Modern day robots not only deliver high precision in industrial manufacturing, but can also sensitively
measure, detect and respond to contact forces. These new features have initiated a paradigm shift away from
position-controlled industrial robots or simple collaborative robots towards "Soft and Tactile Robotics".

Among other things, this has lead to robots that no longer have to operate in cages for safety reasons,
but can work in close proximity to humans. The technology has reached such a mature state that so-called
"Soft and Tactile Robotics" are now used in large numbers within a wide range of industries. For these robot
systems, a drive concept has been established, which is based on strain-wave gearings with high reduction
ratios, brushless DC motors with high torque density and torque sensors as used for compliance control, force
control and contact detection. The fundamental control principle of these robots is based on a combination
of impedance control, force control and subordinated torque control schemes.

The scientific hypothesis of this dissertation is that complex robotic systems with active compliance and
force control can be systematically designed under a unified mechatronic design and synthesis framework.
The framework is successfully validated by three distinct robotic devices that were designed, based on various
actuation, sensing, transmission concepts, implemented and experimentally tested. The key to understanding
this concept is i) the mathematical abstraction of the actuator system as ideal torque source through the use
of a force/torque controller that matches the actuator technology, and ii) suitable forward and backward
non-linear transformations for arbitrary transmission principles. The result is a "hardware abstraction layer"
that obscures the exact physical operation of the actuator module, generalizes the mathematical description,
thus simplifying its use and analysis. Similar abstraction concepts are found in chip design, which have
enabled the control of billions of transistors via high-level languages such as C. In this sense, finding
and applying functional and mathematically describable levels of abstraction is also often associated with
technical progress.

This formulation will be extended in the next step to establish a generalized mechatronic design concept
for force-sensitive and compliant mechatronic systems. This allows robot systems with different actuator
technologies and kinematics to be modeled, simulated, controlled and designed according to one and the
same "modular principle". Consequently, this approach shows its strength in robot systems with special
requirements (e.g. portable systems, systems with novel actuators), where no or very little experience from
previous developments exists.

In this thesis, the above design concept is first extended to tendon-driven and pneumatically-actuated
robots, and subsequently, to wearable, electromechanical systems with mixed serial/parallel kinematics.
Due to the large number of existing actuator technologies and transmissions, not all combinations can be
considered. However, highly diverse and thus also meaningful systems were selected and used to validate
the developed design concept in a variety of simulations, implementations and experiments.

The work is divided into two logical parts: first, the above mechatronics design concept is applied to
alternative actuation systems (i.e tendon driven pneumatic systems), and second, the same approach is used
for designing new robotic systems in the form of prostheses and exoskeletons under the paradigm of "Soft
and Tactile Robotics" using the same development approach.

A further goal is the simultaneous exploration of new fields of application and possible use cases for "Soft
and Tactile Robotics" in the area of pneumatic robotics, prosthetics and exoskeletons. The investigations on
pneumatic systems aim to systematically transfer common controller concepts of "Soft and Tactile Robotics"
from electromechanical to pneumatic actuators. Particularly noteworthy are the two generations of developed
forearm prostheses, whose design includes both the specialized mechanical solution as well as the suitable
control methods. The final prosthesis prototype, the Artificial Neuromuscular Prosthesis (ANP), mimics the
human neuromuscular system in terms of body awareness, contact awareness, human-like contact response,
and human-like kinematics. This is achieved by a mathematical complete modeling of rigid-body dynamics
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common in robotics, which is currently unique in prosthetics. The ANP is thus "aware" of its mechanical
states, can compensate its own weight for arbitrary upper arm positions, estimate contacts, and can adjust its
joint stiffness. Furthermore, a mechatronic shoulder exoskeleton was developed that can reduce stress on the
humeral stump through an active prosthetic socket. The system is characterized by intuitive control, which
was realized by methods from "Soft and Tactile Robotics". The paper shows a first feasibility study of this
novel prosthetic exoskeleton-based concept, which is validated by experimental and simulative studies.

The thesis is structured as follows:
Chapter 1 introduces the motivation for researching new mechatronics approaches in tactile robotics and

elaborates the specific contribution to the state of the art. By this, the mechatronics design concept for
force-sensitive and compliant mechatronic systems is outlined, which is further elaborated in Chapter 3.

Chapter 2 takes the reader through the state of the art. Starting with tactile robots, which are considered
the "gold standard," preliminary work on pneumatic and hydraulic robots are discussed. This is followed
by a presentation of the state of the art in arm prosthetics and exoskeletons, which are in fact specific robot
system applications. This in turn serves to classify Chapters 5 and 6.

Chapter 3 introduces the methods for modeling and control of the investigated robotic systems. In
addition to the modeling of so-called floating- and fixed-base systems, the modeling and control of tendon-
based systems is described. The section "Soft and tactile Robotics" explains the basic control schemes and
methods in modern robotic systems. Together with the approach from Chapter 1, this chapter mathematically
describes the mechatronics design concept for force-sensitive and compliant mechatronic systems, such that
a generalized mechatronics design for different actuator types, transmissions, and kinematics becomes
possible.

Subsequently, the mechatronic design concept is applied to pneumatic actuators (Part I), prostheses (Part
II), and exoskeletons (Part III). Tendon-based transmission concepts are used in the robotic structure for the
majority of systems.

Chapter 4 (Part I) deals with the exploration of pneumatic actuators in the aforementioned methodological
framework and transferring "Soft and Tactile Robotics" to pneumatics. Starting with an antagonistic system,
inspired by the structure of human muscles, a 2-Degrees Of Freedom (dof) wrist and a 7-dof pneumatic
robot are investigated. Systems with increasing number of degrees of freedom are researched to verify the
generalizability of the mechatronic design concept - but also to specifically demonstrate the fundamental
potentials of pneumatic technology.

Chapter 5 (Part II) is devoted to exploring new application areas for tactile robotic systems, focusing on the
development of a novel body- and contact-aware prosthetic system. The chapter describes a new paradigm
in prosthesis development and derives necessary, technical specifications from it. The realization of the
technical requirements is done by two prototypes (using the aforementioned mechatronic design concept),
whereas the later prototype stands out by a more optimized design and more functionalities. Subsequently,
the design solutions are presented and the required system properties are validated experimentally.

Chapter 6 (Part III) also contributes to the exploration of novel robotic systems for prosthetics. A shoulder
exoskeleton is designed to protect the residual limb of an amputee for the case of a transhumeral amputation.
This device carries the weight of the prosthesis and can be interpreted as an active prosthetic socket. After
defining the design paradigm, the technical specifications of the shoulder exoskeleton are derived. Following
the model-based mechatronics design concept of this thesis, an actively controlled simulation model of
exoskeleton and human is presented, which is used for further system design and development. The design
solution is presented and the required system properties are validated through experiments and simulations.

Chapter 7 summarizes and clarifies the results of this work and describes future tasks and applications.
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Figure 1.1 From mechatronics for industrial robot automation to mechatronics for human-centered robotics

1.1 Motivation

Evolving advances in robotics have led to establishing the technology in industry, and interestingly in
society, providing novel applications, use cases and devices. In particular, modern robot applications have
been developed, which are neither stationary nor repetitively-moving, but rather force-sensitive, interactive,
autonomously learning and possibly wearable, e.g., through robotic exoskeletons and prostheses. These
robots are characterized by their human-inspired and human-centered design, see Fig. 1.1, which was in
essence enabled by a paradigm shift from industrial towards soft and tactile robots [1]. The essential feature
of soft and tactile robots is their high-performance torque-level control in combination with accurate dynamic
models, including their drive-train. This enables the designer i) to impose a desired mechanical behavior in
software, ii) to solely control the robot via interaction forces, and iii) to detect and respond to environmental
forces. These properties have revolutionized how robots interact with the environment and have resulted in
many modern day applications such as collaborative robots, haptic devices and exoskeletons.

To date, these robots are realized by well-established mechatronic design approaches. Typically, soft and
tactile robots are based on serial kinematics with electromechanical actuators, being flanged at the rotary
joint axes of the robot, containing gears, torque sensors, Brushless Direct Current (BLDC) motors and motor
electronics.

However, this well established and successful approach still has limitations that need to be addressed:

1. torque sensors and gears are complex, still relatively expensive and prone to mechanical impacts when
mounted, which limits the use cases of state-of-the-art robotic systems in terms of dynamic contacts,

2. the existing structural design approach of soft and tactile robots is not straightforward – particularly
for wearable robotic systems.

To overcome the aforementioned challenges, the goal of this thesis is to develop an alternative mechatronic
approach for i) robot structures, ii) transmission elements and iii) actuation concepts, however with the same
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technology background (i.e., drive-train and control algorithms) as used for soft and tactile robots. As the
development of robots is cost-intensive and the implementation of new features is potentially risky, a unified
simulation-based mechatronic development framework is proposed and introduced, which was designed to
ensure a working robot prototype from scratch instead of thorough numerous design and prototype iterations.

This framework was used for advancing the design space in other areas such as

1. human-like pneumatic actuators,

2. upper-limb prosthetics and

3. exoskeletons,

thereby demonstrating the strength and variety of the framework. This approach is described in more detail
below.

1.2 Approach

Mechatronics framework Tactile robotic solutions

Exoskeletons

Prosthetics

Pneumatic robots

Inspiration

Design
ideas

Robotic
technologies

F
eedback

Human
fundamentals

Technology
selection Fig. 1.3

Concept &
requirements

Simulation-guided
development Fig. 1.4

Figure 1.2 Development pipeline for tactile robotic systems

In this thesis, a model-based development approach is developed that can be used to design soft and tactile
robot systems with different i) transmissions, ii) actuation concepts iii) and robot kinematics1 by a unified
mathematical framework. In this context, it is worth mentioning that the key characteristics of soft and tactile
robots (in contrast to industrial robots) are force/torque sensors in the joints combined with suitable control
schemes.

The core ideas of the development framework are to

1. algorithmize state-of-the-art control concepts from soft and tactile robots, i.e., gravity compensation,
impedance control, etc., assuming a cascaded structure of joint torque and impedance control,

2. introduce actuator abstractions, which represent the actuator as torque source, regardless of the specific
actuation principle, being realized by an actuator-tailored force/torque controller,

3. introduce transmission abstractions, i.e., for tendons, gears, spools, which provide actuator- and joint
level-mappings, by mathematical back and forward transformations to provide joint-level control for
complex actuation concepts.

Consequently, a variety of system configurations can be modeled, controlled and designed in principle.
The overall development pipeline of the framework is depicted in Fig. 1.2, which is split into three phases:
inspiration, mechatronics framework and tactile robotics solutions. In the phase inspiration, the fundamental

1Parallel structures can be designed, as long as the parallel elements add up to the main serial structure, and as long as these can
be considered massless.
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design idea of the robot is created. State-of-the-art knowledge from soft and tactile robotics and human
neuromechanics may be considered, as these domains provide existing and working design concepts from
technical or biological system perspective. A technical example for such a biological-inspired technical
design might be the kinematics of industrial robots, which was inspired by the anatomy of human limbs.

Three main biological inspirations utilized are as follows.

1. Tendon-driven design, inspired by human tendons, allows for a remote actuation of robot joints. With
this, more lightweight structures with an optimized Center Of Mass (COM) can be designed.

2. Inherent compliance in the actuation, inspired by the flexibility of human muscles and tendons, allows
for releasing/storing energy and for mitigating impacts. This property is particularly exploited by
using pneumatic actuators.

3. Backdrivability of the actuator, inspired by the low-friction properties of human muscles, allows for a
seamless interaction with the environment. This property is utilized by using both pneumatic actuators
and electromechanical geared systems when operated in torque control mode.

After forming the idea of the robot, the concept and requirements are defined, which are the inputs for the
subsequent mechatronic framework.
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Figure 1.3 Morphological chart and robot concept showing space of possible design variants

The mechatronics framework, see Fig. 1.2, consists of the technology selection and the simulation-guided
development pipeline. The technology selection covers the space of existing technologies used in this thesis,
see Fig. 1.3. Here, the features of chosen systems are illustrated by the green, red and blue lines in the
morphological chart. The features and categories of the morphological chart were mainly determined in the
phase inspiration as illustrated by the small arrows in Fig. 1.2.

Robot
Model

Robot
Control

Robot
Design

Realization
& 

Testing

Digital Twin

Concretization

Feedback

Figure 1.4 Simulation-guided development pipeline

Based on the chosen technology from the morphological chart, the simulation-guided development of
the robot is performed, see Fig. 1.4. This pipeline starts with the concretization of the design fulfilling the
necessary steps between the choice of technologies from Fig. 1.3 towards a kinematic, sensing and actuation
concept.
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A digital twin of the robot device is elaborated, which includes the modeling, control and mechanical
design in a computer aided environment, see Fig. 1.4.

Robot Model: The robot model includes the following components and processes: i) A rigid-body
model of the robot that is derived from a symbolic analysis of the mechanism structure and the fundamental
equations of mechanics, i.e., Newton-/Euler and Lagrange. The outcome is then transferred to numerical
robot models representing the differential equations of the robot. This allows for the modeling of both
fixed- and floating-base kinematics. ii) The transmission elements are derived and added to the model by a
symbolic analysis of the transmission structure. iii) The actuation is considered by two different approaches.
First, the actuation of electromechanical systems is abstracted as an idealized torque source. Second, the
actuation of pneumatic systems is expressed by a thermodynamics model, which includes the effects of the
pressure evolution, the in-/outflow of pressurized air and the valve behavior.

Robot Control: The robot controller includes state-of-the-art control methods such as actuator force/torque
control, impedance control and momentum observation for contact monitoring. While the actuator force/torque
controller serves as system boundary for the Actuator Abstraction Layer (AAL), the mathematical transfor-
mations of the transmissions allows for the Transmission Abstraction Layer (TAL). This enables joint-side
control of the robot despite the complex transmission structure between joint and actuation. All aforemen-
tioned methods are generalized and standardized, as they are based on the same mathematical foundation for
each robot in the framework of this thesis.

Robot Design: Part of the digital twin is also the mechanical design formalized by a computer-aided
design software. This allows for specializing the geometry of the robot with respect to required dimensions
and loads, provided by simulation, before the device is realized. These methods are also used for extracting
loads on actuation and structure in different simulation scenarios. After the successful design, the device is
realized and tested.

Modeling
&

Control

Mechanical 
Design

Unified 
Mechatronic

Design

Figure 1.5 Unified mechatronics design

In the final step, the digital twin simulation allows for testing, validating, parameterizing and iterating
different control and model approaches before a robot device is realized.

The proposed unified mechatronic design approach defines the modeling and control part as the central
crystallization point in the systematic robot development. This is because, the systematic modeling and
control ensures key functionality of the robot and allows for deriving the necessary properties of sensors,
actuators and controllers. As will be shown throughout the course of this thesis, the proposed approach then
allows for developing complex robotic systems with minimum number of prototypes.

In summary, the aim of this thesis is to provide a general, modular and parameterizable mathematical
design framework applied to a number of complex robotic systems, covering the modeling and control,
as well as the mechanical design of the robot, see Fig. 1.5. This work does not aim for general design
rules of robotic geometries and integration on a component level. This work also does not aim for a fully
automated design framework. Rather, it provides systematic processes, simulation tools and guidelines by,
which advanced specialized tactile robotic prototypes can be developed in a minimum number of hardware
prototypes.
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1.3 Contribution

In the following, the specific contributions of this thesis are proposed.

Unified Force-Sensitive Mechatronics Design: This thesis provides a framework for the design and
control of soft and tactile robots with various actuation concepts, transmission technologies and kinematic
structures, which are simulatively and experimentally verified for selected systems. While previous works
also focused on a simulation-driven design approach for robot co-simulation-based software/controller de-
sign [2] [3] [4], and mechatronic design [5] [6] [7] [8], [9], [10], [11], to the best of the author’s knowledge,
this thesis is the first work that investigates a model-based design-approach for soft and tactile robotic sys-
tems. Even though the utilized technologies of the framework (i.e., pneumatics, electromechanical actuation,
inherently compliant and tendon-based systems) have individually been researched extensively, they have
neither been described nor validated by a holistic robotics design framework, especially not in terms of soft
and tactile robotic mechatronics and control.

By the application of the framework, further contributions were obtained in pneumatics, prosthetics and
exoskeletons, as described below.

Pneumatics: In the field of pneumatic actuation, the major contribution of this thesis is a systematic trans-
fer of state-of-the-art soft and tactile robotics methodologies to pneumatically actuated robots, impedance
control, momentum observation, unified force/impedance control and joint torque control. While the mod-
eling and control of pneumatic cylinders is an existing and well researched technology, methods for soft and
tactile robotics have not – to the best of the author’s knowledge – been systematically investigated for pneumat-
ics to date. Following the design of tactile electromechanical actuators, equivalent pneumatic joint designs
with the corresponding sensors, actuators and controllers are proposed. With this, novel human-inspired,
tendon-driven robot joint designs for 1-dof and 2-dof are introduced, which are validated in simulation and
experiment. In addition, the control concepts are validated on a 7-dof robot simulation, providing a concept
evaluation and a preliminary step towards the development of a 7-dof pneumatic robot using the development
design framework. Most noticeably, pneumatic-level force-controllers and pneumatic-level disturbance ob-
servers are presented. On this basis, joint torques, joint impedances, contact losses and actuator-level forces
can be successfully controlled for pneumatically driven robots. Disturbance joint torques and disturbance
actuator pressure variations (such as leakages) can also be successfully observed. Consequently, a full real
world model and accurate control of the pneumatic joint becomes possible from a soft and tactile perspective.

Prosthetics: This work provides contributions to the development of upper-limb prostheses in i) develop-
ment approach, ii) prostheses features, and iii) mechatronic solution.

• Development approach: This work provides a novel development approach for upper limb prostheses,
which is based on core features of the human motor control system. First, key features and systematic
working principles of the body are identified. Second, a human-inspired control scheme is elaborated,
governing the mechatronic system design, including sensors, actuators and controllers. This corre-
sponds to the human body by considering the state of the art in soft, tactile and humanoid robotics.
Third, a digital-twin simulation of the prosthesis is developed based on the unified force-sensitive
mechatronics design of this thesis by which every feature of the prosthesis is developed, optimized
and tested in simulation before the device has built. This step enables the development of advanced
robotic prostheses at a reduced number of physical prototypes.

• Prostheses features: The intention of the aforementioned development approach is to provide human-
like features to upper-limb prostheses. The hypothesis is that a prosthesis, which was developed
along core design principles of the human body, also provides more human-like characteristics. In
particular, these cover i) body awareness, ii) contact awareness, iii) human-like contact response, and
iv) human-like kinematics. By this, natural features lost through amputation, may be reestablished
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by the artificial prosthetic device. This is a significant paradigm change in prosthetic features, which
generally has not been considered to date.

• Mechatronic solution: This thesis provides the highly-integrated Artificial Neuromuscular Prosthesis
(ANP), which stands out for its i) 4-dof human-like elbow-to-wrist kinematics, ii) torque-controlled
robot joints and iii) an Inertial Measurement Unit (IMU), measuring the orientation of the device
to calculate internal models in real-time – all provided at a small size and a weight of 1.7 kg. The
prosthesis is equipped with an Artificial Neuromuscular Controller, which is designed in accordance
with the human body. The system is equipped with joint impedance control, a floating-base rigid-body
model and a floating-base momentum observer, which is the state-of-the-art knowledge in human
motor control. Modeling and control methods, known from soft, tactile and humanoid robotics, are
transferred to upper-limb prosthetics. Finally, the functionality of the device and the control methods
are validated in human-in-the-loop experiments.

Exoskeletons: A novel exoskeleton-based method for attaching a prosthesis to the human is proposed.
Commonly, prosthetic systems are attached to the human by various passive interfaces, which however are
either invasive and/or quite unpleasant and exhaustive for the user. In this thesis, the first wearable active
prosthesis socket, which is realized by a tactile shoulder exoskeleton, is proposed. While the idea of an
active socket, denoted exoprosthesis, was conceptualized in [12], [13], a full implementation of the concept
remained open. The potential and feasibility of the active socket is investigated by i) the development of a
first exoskeleton prototype, ii) the development of tactile controllers, iii) multi-body simulations for a stress
analysis on the human body and iv) an experimental controller evaluation including human-in-the-loop tests.
A further contribution is the mechanical design of the asymmetric, tactile exoskeleton, which provides a
balanced and ergonomic improved COM, realized by a contralateral remote actuator placement.

1.4 Outline

The thesis is structured as follows. Chapter 2 describes the state of the art in tactile robotics, fluid robots,
upper-limb prosthetics and exoskeletons. Chapter 3 covers the framework proving the mathematical methods
of this thesis. Chapter 4 deals with pneumatic muscle-like actuators applied to various robot systems.
Chapter 5 focuses on novel human-inspired methods for upper-limb prostheses. Chapter 6 deals with the
exoprosthesis being an active socket, realized by a shoulder exoskeleton. Chapter 7 concludes the work.
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2 State of the art

In this chapter, the state of the art of the related work is presented, which was written based on [14], [15],
[16], [17], [18], [19], [20].

2.1 From Soft to Tactile Robot Design

The success of modern robot technology was initiated by the automation of motion in the automobile
industry. These industrial robots were designed to perform high-speed repetitive motions with high absolute,
repetitive accuracy, robustness and durability [21]. However, due to their large weight, high speed and their
pure position control approach [22], these robots are obviously very dangerous to humans. For this reason,
safety fences or other barriers prevent the human from entering the workspace of the robot in industrial
environments [23].

Lightweight Robots Due to the demand for more flexible use cases of robots such as force feedback
systems and collaborating robots (e.g. in health care, space robotics) [24], a paradigm shift from industrial
to collaborative, and finally, to soft and tactile robots occurred, with particular focus on lightweight design.
In this regard, soft and tactile robots were developed in order to provide a safe operation in unknown and
unstructured environments, especially in the presence of people [25]. This means that the robot must not
be harmful for itself, for its environment and for people, on a physical level. This refers mainly to contacts
or collisions. This fact was already conceptualized within the "Three Laws of Robotics" by Isaac Asimov
in 1954 [26] who inspired roboticists to elaborate solutions for robot safety [27] and proposed international
safety standards for robot applications such as the ISO10218.

Design Paradigms The design of a safer robot requires a complete reconsideration of the design in
contrast to classical industrial robotics. Common design strategies include low weight and inertia [22], [25],
[28], [1], [29], backdrivability of the actuation [29], [25], [28], low impedance [30], [31] torque-controlled
joints [28], [21], [24] and alternating compliant and tactile system response [25], [21], [1].

Two paradigm shifts dominated the research on robotic actuation over the last twenty years [1]. While
classical industrial robots include a rigidly position controlled drive-train, the first paradigm shift happened
by the use of torque sensing and control across the entire robot [22], [21], which in fact were already
introduced in the 1980s [32]. This enables the measurements of environmental and contact forces, and
was later the key to soft [24] and tactile control [33, 34]. The second paradigm shift happened by the use
of inherently compliant elements in the drive-train to mitigate impacts, to store energy and to generally
improve the performance of the robot [35]. These robots typically utilize a combination of passive and active
compliance. These two paradigms will be further discussed below, though acknowledging that the latter is
still only used in research, not real-world applications.

2.1.1 Structural Design

The structural design has a major influence on the robot performance and safety. For this reason, first
attempts implemented soft covers on the robot structure to mitigate the impact energy [28], [36], which,
however, turned out to be impractical. Another structural approach is to reduce the mass and inertia in
order to minimize the kinetic energy of the robot [29]. Lightweight metals and composite materials became
standard in the design of soft robots [22], [1], [21], which also gave them the name lightweight robots. E.g.,
the LWR III is reported to have a load-to-weight-ratio of 1 : 1 [21], presumably measured for the static
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case. Still, this ratio remains a magnitude higher compared to human limbs. The only reported robot with
human-like weight and inertia is the LIMS robot [29]. Apart from a lightweight structure, an efficient and
lightweight drive-train contributes to a low weight and inertia robot, as discussed below.

2.1.2 Rigid Drive-train

State-of-the-art torque-controlled robot joints for soft and tactile robots generally include a highly reducing
strain-wave gear, a BLDC and a torque sensor [28]. Angular measurements may either be performed on
joint-side, limb-side or both. BLDCs are preferred in such robots over Direct Current (DC) motors as these
are more efficient and provide a higher torque density. Electronics of lightweight robots are implemented at
the robot actuator to reduce weight and wiring [21]. In the following subsection, gear and torque sensor are
discussed in more detail.

Strain-Wave Gear A Strain-wave gear, as used in a robot, is in essence a differential gear with three
elements, namely wave generator, flex spline and circular spline. In contrast to spur gears or planetary gears,
a strain wave gear is based on a different working principle as explained by the subsequent actuation at the
wave generator with the output on the circular spline. When the wave generator performs a rotary motion,
its oval shape deforms the enclosing flex spline. As flex spline and circular spline include small teeth, which
are in interaction with each other, the rise and fall of the tooth motion, imposed by the wave generator,
affects a reduction of speed and the amplification of torque at the output of the gear, i.e the circular spline.
As the components of a strain-wave gear are magnitudes smaller and lighter than spur gears or planetary
gears, strain-wave gears are a key enabler for obtaining a lightweight robotic actuator that strives for a high
power density [28]. In contrast to typical high speed motions of classical industrial robots, the actuators for
lightweight robots were usually designed for moderate velocity [21]. Such a decrease in task space velocity
allows for higher gear ratios and also higher joint torques. Thus, lighter robot structures can be achieved.

Joint Torque Sensor The joint torque sensor in a soft robotic actuator is used for measuring the sum of
link-side and environmental interaction torques. They are typically realized using strain-gauge-based [21]
or optical approaches [37]. Most importantly, the torque sensor is used for damping oscillations, scaling
the motor inertia and enabling soft robotics control [21], [24]. In combination with joint level torque
control, it provides an active backdrivability to the robot [25] and direct interaction with the Lagrangian
mechanics on a torque-level. The consequence of the joint torque control is that any desired mechanical
behavior such as gravity compensation, impedance and stiffness can be imposed on the robot structure by
active control. Link-side torque measurements have turned out to be essential for tactile control as well
as motor-side measurements, and are highly biased by friction and stiction of the gear. This means that
in principle, link-side torque sensors are not necessary as long as low-friction drive-trains and motor-side
torque measurements are available [28].

Actuator Placement The placement of the actuation plays a fundamental role in the design of a robot.
The design and placement of the actuation can be realized by a

• joint collocated modular, or

• remote tendon-driven

approach [38], [39]. In the joint collocated modular approach, the actuators are flanged directly at the joint
axes by using modular actuators. In a remote tendon-driven design, the actuators are placed at a remote
location, proximal to the robot base [29], which can be used to reduce the weight and inertia of the structure
to obtain higher accelerations and velocities. Tendon-driven joints are mostly actuated by a bio-inspired
antagonistic arrangement similar to human muscles [1]. Most commercially available collaborative soft and
tactile robots are realized by a modular design [34], [34]. Examples for tendon driven robots can be found in
[40], [41], [29]. Furthermore, remote tendon-driven designs are commonly used in anthropomorphic robot
hands [42], [43], [44], [45].
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2.1.3 Flexible Drive-train

The aforementioned drive-train concepts from the previous section may be practically considered rigid. The
limitation of this design is most apparent when hard collisions occur [46], [47], [48], [1], [49]. Due to
the limited backdrivability of the strain-wave gearing1, the impact energy can hardly be dissipated and may
destroy torque sensors or gears. Even a high-sampling torque controller cannot prevent the hardware from
getting damaged [48], [50], even though active compliance and the flexibility of the robot structure are still
protective for the drive-train. Furthermore, when comparing the robot to human performance in terms of
control bandwidth, human motion is generally faster [42] and more efficient. Humans use the co-contraction
of their antagonistically arranged compliant neuromechanical apparatus to increase the performance in terms
of speed and impact resilience. This fact is also enabled by the ability of the muscles to store energy like a
mechanical spring [51].

Inherent Compliance For these reasons, a second paradigm shift in robotics occurred towards robots
containing passive elements with inherent compliance [23] targets to improve collision robustness and to
achieve human-like manipulation and locomotion [52]. The ability to store and release energy allows for
novel applications such as running and throwing [53], [54], [27], [1], [55]. Often, this concept is implemented
as antagonistically arranged inherently compliant elements placed between actuator and robot joint. In fact,
this is essentially a bio-inspired concept based on the design of human muscles [1].

Series Elastic Actuators The most straightforward design to recreate the aforementioned elastic behavior
utilizes mechanical springs between actuator and joint. This system is called a Series Elastic Actuator (SEA)
[1], [56]. While these actuators provide a good impact robustness, their disadvantages are a significantly
reduced bandwidth, lower position accuracy and no possibility to adjust the actuator stiffness.

VSA and VIA For this reason, Variable Stiffness Actuators (VSA) [57], [1], [58], [59], [60] and Variable
Impedance Actuators (VIA) were introduced [52], [25]. There, an additional actuator is used in the actuation
of a single robotic joint for pretensioning internal springs and for changing the mechanical joint stiffness. In
contrast to position or torque controlled actuators, SEA, VSA and VIA were inspired from a set equilibrium
point of view on design level [52], [54]. As a consequence, these actuators showed improved performance
[61] in terms of energy efficiency [54], impact robustness [50], [42], and dynamics [35], [62], [63], [64]. One
of the most advanced robots utilizing VIAs, is the DLR’s hand arm system (hasy) [65]. On the downside,
VSAs and VIAs come at the cost of an increased number of actuators and increased complexity, which
has turned out to problematic in achieving high practical robustness and performance. Finally, joint- and
actuator-sided measurements, allow for the measurement of the joint deflection, which is used to measure
the torque based on the identified stiffness properties [66].

Pneumatic Actuators Another approach for realizing a VIA are pneumatic actuators. Bicci and Tonietti
reported to use double actuated cylinders or antagonistically arranged pneumatic muscle actuators to obtain
a VIA exploiting the compressibility of air [25]. Pneumatic actuators achieve similar properties as VIAs and
VSAs, however with less mechanical components in the drive-train. However, they come along with increased
complexity due to the need for compressors, pressure tanks and air conditioning systems. Pneumatic actuators
are considered as an alternative actuation principle to reach similar behavior to SEA, VSA and VIA based
on electromechanical technology.

2.1.4 Active Compliance Control

The main difference in the control of an industrial robot and the control of a soft and tactile robot is that the
environment has to be considered partially unknown for the latter case. This fact requires a control strategy

1In a collision, first the stiction and friction needs to be overcome before the actuator starts moving.
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governing how to deal with unforeseen interactions and collisions by measuring and controlling interaction
forces [27].

On the hardware side, compliant and tactile control requires either joint torque measurements [22] or
Cartesian force/torque sensors [67], [68]. Historically, the development of tactile interaction controllers
occurred as follows [27]: The initial approaches focused on force control [69], and hybrid position and force
control [70], and the latter approaches focused on active compliance [71] and stiffness control [72].

In the 1980s, the nowadays most widely adapted control approach for soft robots, namely impedance
control, was proposed by Neville Hogan [73]. Later, this concept was extended to flexible joints in [74],
[75], [24] providing a significant performance improvement for high controller stiffnesses in contrast to
rigid-joint approaches for lightweight robots. A unification of force and impedance control, solving the
stability issues of hybrid position and force controlled robots, was proposed in [76]. This approach provides
a fully tactile controller as end effector impedances and end effector contact forces can be set and controlled
simultaneously.

In general, impedance control makes the robot behave like a second order mass spring damper system.
As a consequence, not only the robot position but also its impedance behavior is actively controlled. In
terms of robot safety, impedance behavior makes the robot compliant, mitigates interaction forces and
increases perceived robot safety. The impedance controller is based on a cascaded control cycle with an
outer impedance loop and an inner torque or force control loop taking the commands from the impedance
controller [28]. In contrast to other controllers (such as hybrid position/force control [70]), impedance control
provides a stable system behavior, as shown by a passivity analysis in [74]. Impedance control has also been
realized for VSAs and VIAs [65] containing antagonistic and nonlinear inherent stiffness properties. In this
setting, the actual achieved stiffness is a combination of inherent and active compliance [61]. Also, joint
torque measurements are obtained by measuring the elongation of the compliant element.

In the following section, fluid actuation such as pneumatic and hydraulic systems are discussed.

2.2 Fluidic Robot Design

Fluid actuators can be categorized into pneumatic and hydraulic systems. While hydraulic actuators utilize
fluids (mostly oil or water), pneumatic actuators utilize pressurized gases such as air. Both technologies are
further discussed below.

2.2.1 Pneumatic Robots

Pneumatics actuators show inherent physical compliance due the compressibility of air and provide backdriv-
able actuation due to their simple working principle. They are able to produce high speeds, are robust against
shocks, can store energy and have a compliance, which can be physically adjusted by the chamber pressure.
These properties also make pneumatic actuators a potential candidate for implementing VSAs and VIAs.
For electromechanical drives, however, the aforementioned properties can only be achieved by additional
compliant elements and actuators, while pneumatic actuators require a supply of purified, pressurized air.

System Components Pneumatic drives commonly consist of a pneumatic actuator, one or two valves,
position sensors, pressure sensors and valve drivers/controllers. The two most common types of pneumatic
drives are pneumatic cylinders (linear and rotary) and Pneumatic Muscle Actuator (PMA).

Pneumatic Cylinders Linear or rotary pneumatic cylinders contain a piston or vane, which are driven
by a pressure difference between one or two neighboring pneumatic chambers [77]. There are different
single chamber designs, dual chamber designs, rodless designs or reluctance springs cylinders [78]. Another
important factor is the seal, which mitigates the leakage and serves as a bearing for the motion. The seals
can either be optimized for low leakage or low friction, whereas the low friction seals generally improve
the physical interaction [25]. Due to the clear geometry of the chamber and piston and the well-known
thermodynamics effects, a mathematical state-space model of pressure and temperature of the cylinder



2.2 Fluidic Robot Design

11

Table 2.1 Comparing properties, modeling and control of PMA and pneumatic cylinders.

PMA Pneumatic cylinders
Stroke length Short Long

Model approach Data driven Analytical
Dynamics Slow Fast

Force sensing Load cell Pressure sensing
Output force High Medium

Modeling [83], [84] [85], [86] [79], [88], [89]
Position control [90], [91], [92], [93] [94], [95], [96],[96]

Force/torque control [97] [98], [99], [100], [89], [101], [81]
Force&Stiffness control [102], [103] [104], [105], [106], [107]

Impedance control (linear) N.A. [108]
Impedance control (rotary) [109], [110] N.A.

chambers can be derived [79]. For modeling and control, mostly isotherm reduced order models are used
[80] [81], [82].

Pneumatic Muscle Actuators The PMA has become very popular in robotics research due to the similar
appearance to human muscles. These actuators consist of a rubber bladder, which is surrounded by textile
fabric. Different modifications of this actuator type exist [83], [84] [85], [86]. The original concept was
invented in the 1950s by Joseph McKibben, a physician trying to help polio patients [87]. However, this
design approach was more frequently used for research application in the 1980s. As the PMA can only
produce pulling forces, it is usually setup with an antagonistic configuration. The actuator can be made of
cheap materials, can be easily manufactured and can produce high forces. However, PMAs are considered
to be slow in dynamics, to have a short stroke length and to have a hysteresis effect making them hard to
control. The properties of PMAs and pneumatic cylinders are further compared in Tab. 2.1.

Pneumatic Valves Another central element of a pneumatic system are the valves, which are generally
characterized as proportional valves [107], [81] or switching (on/off) valves [111]. While proportional valves
have a quasi-linear relation between input signal and choke area, switching valves adjust the amount of air-
flow via the switching frequency. Valves are categorized according to their possible states and number of
inputs (e.g. 5/3, 3/2, 2/2) where the first number denotes the number of ports and the second number denotes
the number of states. In robotics, 5/3 valves are used to couple the inflow and the outflow of neighboring
chambers [81] while some works equip every chamber with a valve to obtain an extra controllable degree of
freedom per actuator [106], [108].

Sensing Position, pressure and force sensing are the most common signals for pneumatic cylinders and
PMAs. The position can either be measured on actuator or joint level. For PMAs, joint-level measurements
are generally performed. For PMAs and pneumatic cylinders the chamber pressure is commonly measured.
Force measurements are obtained from pressure measurements and the geometry for cylinders, while PMAs
often require extra load cells [110], [103].

Control In the manufacturing industry, pneumatic cylinders are often utilized in simple on/off switching
control states. The control of pneumatic cylinders and PMAs gained much interest in the 2000s. In
research, position, force [98] and stiffness control are the most commonly used control concepts. As PID
controllers and linear approaches provided limited performance [94], a breakthrough in pneumatics control
was achieved by nonlinear control approaches [94]. In particular, nonlinear sliding mode control has found
many applications for both pneumatic cylinders and PMAs [96]. Table 2.1 lists state-of-the-art modeling
and control approaches for PMAs and pneumatic cylinders.
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Applications Typical pneumatic applications are devices for medical rehabilitation [112], [113], [114],
surgery [115], prosthetics [116], [117] exoskeletons [118], [119], [120] humanoids [121], [122], [114], [123],
[124], [125], [126], [127], walking robots [128], [129] and lightweight robots [125], [130], [124]. Generally,
pneumatic systems do not seem to be so widespread in commercial products as in electromechanical systems.
A technological pioneer in pneumatics is the German company Festo, which has developed numerous bio-
inspired and pneumatic robots [125]. In 2022, Festo introduced a robotic lightweight robot with rotary
pneumatic cylinders showing the commercial potential of this technology.

2.2.2 Hydraulic Robots

Hydraulic and pneumatic actuators share very similar actuation technology. Both rotary and linear cylinders,
solenoid and proportional valves can be found for hydraulic actuation systems [78]. There is also an
equivalent technology for PMAs using fluids called hydro fluid muscle [131], [132], [133]. In contrast to
pneumatic actuators, hydraulic actuators are driven by a fluid such as oil or water in a closed-loop fluid
cycle, pressurized at supply pressures between 70 and 200 bar. As a result, hydraulic actuators can generate
high torques and have an excellent power-to-weight ratio. In contrast to pneumatic systems, they have hardly
any inherent compliance as the used fluids are generally incompressible. The downside is that leakage and
human safety remain largely unresolved problems when dealing with hydraulic systems.

Nevertheless, hydraulic actuation has found many applications in mobile humanoid and bio-inspired
robotics. The humanoid robot DB [134] and SARCOS [135], [136] provide torque control. Another
torque controlled humanoid is the TaeMu [137]. Other well-known commercial hydraulic robots are Boston
Dynamic’s Patman and Atlas robot [138], [139], whereas Atlas was investigated in various publications after
the DARPA Robotics Challenge from 2015 [140], [141], [142], [143]. Further bio-inspired hydraulic robots
are the Boston Dynamics Bigdog [144] and the torque-controlled quadruped robot HyQ [145].

2.3 Upper-Limb Prostheses

Modern upper-limb prostheses are wearable, complex robotic devices. In the following section, the state of
the art in upper-limb prostheses is outlined, focusing on elbow-to-wrist-mechanics.

Design Approach In recent decades, different design strategies have been developed in arm prosthetics
with the aim of providing the best user experience for the amputee. This is commonly understood to be
a balance between functionality, weight and size. Typical requirements for the design of a mechatronic
prosthesis include high payload at high Load-to-Weight ratio [146] and human-like appearance [147] (i.e.,
human-like kinematics, motion, size and texture) – all of which reflect fundamental features of the human
body. Finally, a key factor for achieving small, lightweight actuators with high output torque is the use of
electromechanical actuators combined with high gear ratios [148, 146, 149].

Commercial Prostheses Typically, commercial transhumeral prostheses are equipped with an active
elbow, a single active dof in the wrist (and possibly one additional passive wrist dof) together with a modular
hand. Examples for commercial devices are the UtahArm and Wrist Rotator by Motion Control (Motion
Control, Inc., Salt Lake City, Utah, USA) [150], the Dynamic Arm and Michaelangelo Hand/Wrist by
Ottobock (Ottobock SE & Co. KGaA, Duderstadt, Germany) [147], the Boston Digital Arm (Liberating
Technologies Inc., Hollison, MA, USA) [151] and the Touch Bionics iLimb Wrist (Ossur hf, Reykjavic,
Iceland) [152].Devices with Flexion/Extension (F/E) include the KS-Bionic Hand by Kesheng Prostheses
(Shanghai Kesheng Prosthetic Technology Co., Shanghai, China) [153] and the Powered Flexion Wrist by
Fillauer Motion Control (Fillauer Europe AB, Sollentuna, Sweden) [150]. In contrast to the aforementioned
systems for which wrist modules cannot be combined with Supination/Pronation (P/S), the LUKE Arm
(Mobious Bionics LLC, Manchester, NH, USA) [154] has this ability.
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Research Prosthesis Wrists: To date, wrists are still rare in prosthetics although a full 3-dof wrist is
required to obtain human-like kinematics and dexterity. Due to the three intersecting axes of the wrist, it is
challenging to find a small, lightweight solution that provides a sufficiently high torque. Finding a solution
to this problem, without making too many compromises, becomes more and more difficult with increasing
degrees of freedom. Consequently, most systems focus on wrists with 1-dof, either in the form of F/E or
Supination/Pronation (P/S) [155, 146]. Two dof and 3-dof wrists are closely related since any wrist that
provides 2-dof via F/E and Radial/Ulnar Deviation (R/U) can be easily extended to a 3-dof wrist by a P/S
wrist rotator.

One straightforward design strategy in 2-dof or 3-dof wrists is to place the actuators in a serial order
[156] and to minimize the dimensions to human size [148, 146, 149]. For [148, 149], high torques of at
least 8 Nm were achieved, even though rather low efficiency was reported [148]. Furthermore, the resulting
wrist kinematics contained an offset between the rotation axes, which is ≈ 5 − 6 times larger than that of
a human wrist [157]. The use of bevel gears to provide P/S and F/E was reported in [156, 158], but these
methods have generally provided low torque to date. Also, parallel kinematics, using rods, were applied
[159]. Another rod-based design provides a comparably high torque of up to 8 Nm [160]. To the best of the
author’s knowledge, only [149] provides torque sensing, which is essential for any active compliance control
methods, but may increase the weight and the size of the device.

Research Prostheses (Elow to Wrist): The following section examines the state of the art in tran-
shumeral prosthetic systems with a special focus on designs that include wrists.

A transhumeral prosthetic system with a 1-dof wrist (P/S) and one 1-dof elbow (F/E) was proposed in
[155]. The work focuses on a mechanical design solution, which fits into an anthropomorphic forearm
model. For that, a BLDC was placed at the center of the forearm, actuating the elbow via three chain and
cable-driven stages. The maximum elbow torque is listed as 16 Nm and the gear ratio is listed as 35. The
P/S wrist actuator consists of several spur and worm gears providing a torque of up to 2.6 Nm and gear ratios
of up to 1900:1. The weight of the whole arm is less than 2 kg.

A transhumeral prosthetic system with a 2-dof wrist (P/S, F/E) is the Luke Deka arm [161]. The focus
of the authors was to develop robust and cutting edge robotics for commercial prostheses. The modular
prosthesis is distributed by the company Mobius Bionics LLC and is available for shoulder, humeral and
radial amputation and contains a hand. A prior research variant of that system was proposed by Resnik et
al. in [161]. The authors show novel, high-level user control modes using IMUs, foot-controls and sEMGs.
The patent [162] provides further information about the mechanical design of the wrist and of the hand.

Another highly advanced prosthetic system with a 2-dof wrist (and hand) is the Rehabilitation Institute Of
Chicago (RIC) arm described in [146]. The system consists of a 3-dof arm and a 2-dof hand. The focus of
the RIC arm lies in providing miniaturized mechatronics for extra small body dimensions without sacrificing
too many degrees of freedom and functionality. This was achieved by extraordinary mechatronic design
solutions and high gear ratios. Despite the multistage gears, high efficiencies were achieved.

The modular prosthetic limb Modular Prosthesis Limb (MPL) is the first reported full transhumeral system
with a 3-dof wrist (with additional R/U) [149]. It also includes a 10-dof hand [163, 164, 149]. The goal of
this project was to develop a cutting-edge prosthetic arm with human-like kinematics, torque and sensory
feedback in an anthropomorphic form factor. In fact, the MPL is the first and only reported system utilizing
torque sensing and impedance control. Still no performance or working principle were provided. The
MPL has been developed since 2007 in several project phases (exploring various actuation concepts) by 50
collaborating research institutes. To date, three official prototypes have been developed. In general, the MPL
joints use multi-stage gears consisting of cyclonic and planetary gears in order to obtain high torques. This
is similar to the concept of the RIC arm. The modular wrist consists of a serial RRR kinematics with a
human-like form factor, similar to [148, 146]. The motor for F/E is implemented in the palm of the hand.

The above paragraph provide an overview about mechatronics of transhumeral prostheses as well as
standalone prosthesis wrist modules. The following sections examine how the prostheses – proposed in this
thesis – contribute to novel semi-autonomy algorithms and state-of-the-art control methods for upper-limb
prostheses.
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HMIs and Autonomy: Human machine interfaces HMI and semi-autonomy algorithms for prostheses are
closely related due in part to the level of (semi-)autonomy for connecting two potential extremes: on the one
hand, direct HMI-based control (common in most prostheses today), and on the other hand, full automation
(robots).

A common HMI in upper limb prostheses is Surface Electromyography (sEMG) [165, 146]. Sequential
control is the current standard sEMG method in prostheses, which allows the user to control each joint
individually while the other joints are kept constant [166, 146, 167]. In combination with Targeted Mus-
cle Reinnervation (TMR) surgery [168] and pattern recognition algorithms, multiple channels can also be
controlled simultaneously [169, 170]. Alternatively, sEMG may be combined with additional input signals
coming, for example, from IMUs [171, 167] or external switches, such as foot pedals [161]. Some attempts
were made for implementing coordinated control of all prosthesis joints based on human-inspired synergies
[167, 172, 13] or residual limb-driven techniques. Brain computer interfaces, such as Electroencephalo-
gram (EEG), are also reported for prosthesis control [173, 174]. The coordinated control and EEG-based
approaches have so far been implemented in research systems due to challenges with individualization,
robustness and generalized use for further translation.

Within the area of semi-autonomous algorithms, the playback of prerecorded skills (trajectories) was
shown in [12, 149]. Semi-autonomous task planning supported by multi-modal sensor information, such
as computer vision, bio-signals, and motion capturing was proposed in [175]. A similar approach was
applied in [176] to provide a shared autonomy framework with grasping prediction. A semi-autonomy
bimanual interaction was established in [177]. Semi-autonomous algorithms for prostheses, such as visual
servoing and trajectory teaching and playback, were shown in [12]. The work also showed a concept for a
gravity-compensated, impedance and torque controlled exoprosthesis, but this was shown on a comparably
large 2-dof prosthesis. Semi-autonomous prosthesis state estimation, prediction, and prosthesis reflexes were
proposed in [13].

2.4 Upper-Limb Exoskeletons

Finally, the state of the art in upper-body exoskeleton is summarized below.

Applications

Upper limb exoskeletons have been developed for various purposes, such as power augmentation [178, 179],
rehabilitation [180, 181, 182, 183, 184], teleoperation [185, 186], haptic interaction [187, 186, 188] and
assistance [189, 190, 191]. Over the last 20 years, hundreds of upper limb exoskeletons have been developed
and listed in reviews for general [192, 193, 194, 195, 196, 197] and for medical applications [198, 199].
These reviews demonstrate not only the challenges, solutions and systems, but also reflect the popularity of
the technology.

Classification

Exoskeletons may be classified according to many factors, including their type of actuation, power transmis-
sion, dof, link configuration, control method, applied body part and application [193]. Electric motors are
the most frequently utilized actuation technology, while some systems also use pneumatic [200] or hydraulic
actuators [201]. Gears, cables, linkages and belt drives are utilized for power transmission. Regardless of
the particular design, a general problem in upper limb exoskeletons is the limited torque density of available
actuation technology [195, 202, 203]. Therefore, high torque exoskeletons are rather large while small
exoskeletons provide little torque [202]. Most upper limb exoskeletons use serial kinematics, while parallel
and hybrid configurations are also frequently utilized [193].
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Control

Exoskeletons are designed to ensure a safe and responsive interaction with the human and the environment
[195]. As the human body is physically connected to the exoskeleton control cycle, the human intention needs
to be measured for enabling user-level control. This can either be achieved by cognitive or by physical human
robot interaction (cHRI, pHRI) [193, 195]. In HRI, biological signals such as sEMG [204, 188, 178, 183] or
Electroencephalogram [188, 205, 206] are transformed into suitable signals controlling the robot. In HRI,
the exoskeleton can be guided via interaction wrenches, requiring measurement or estimation. In addition,
gravity and Coriolis compensations [207, 208, 181, 178] can be applied to compensate for rigid body
mechanical effects. Impedance [209, 210, 211, 192] and admittance behavior [212, 213, 214] are generally
recommended if a compliant interaction is required [215, 195, 216]. These can be further classified according
to their specific control objective into assistance, correction, and guidance modes [195].

Shoulder Exoskeletons: Human Anatomy

Shoulder exoskeletons are a subclass of upper limb exoskeletons and are of special interest for this thesis.
Many challenges in the design of these systems arise from the complex human shoulder kinematics, as
discussed in the next section. The human shoulder has a highly intricate anatomic structure with complex
kinematics. The glenohumeral joint, (often referred to as the “shoulder joint" [217]), can be well described
as a simple ball-and-socket joint, which is able to provide a spherical motion around the Instantaneous Center
Of Rotation (ICR). The location of the ball-and-socket joint ICR can move in Cartesian space, constrained by
the anatomy of the clavicle (collarbone) and scapula (shoulder blade)2. In fact, glenohumeral joint rotation
is usually coupled with its ICR motion.

Shoulder Exoskeletons: Design

A major challenge in the design of shoulder exoskeletons is complementing human kinematics. The
simplest possible design involves assuming a fixed ICR. Most shoulder exoskeletons utilize an RRR serial
gimbal mechanism with three rotational axes [182], such as [218, 219, 220]. Even though this approach
is common, it suffers from a limited workspace and the chance of singularities [182, 221]. Others, such
as [208, 222, 223, 202, 188, 224], have developed solutions for tracking a moving ICR. This was achieved
by a parallelogram kinematics on the back [208], a 3-dof parallel kinematics with linear actuators [222], a
complex parallelogram kinematics [202] or additional active degrees of freedom [224, 188].

Other important design factors for shoulder exoskeletons are to avoid colliding structures and to match the
human workspace. A RRR shoulder exoskeleton with a bearing at the central humerus for internal/external
rotation, which provides a larger workspace than naive RRR designs, was shown in [189]. This problem
was approached in [180] by placing the shoulder abduction/adduction actuator at the lower back. Further
solutions include a double parallelogram for internal/external rotation [225], a nested gimbal design [203]
or an externally located serial kinematic structure, carrying the shoulder exoskeleton [226, 227]. Passive
elements can also be used to extend the usable workspace [228]. In this regard, a passive double parallelogram
for internal/external rotation [209] and a passive scissor mechanism [221] were proposed. In general, the
most targeted solutions to shoulder kinematics and workspace challenges are often achieved at the expense of
increased weight, complexity and larger dimensions, which is likely the reason why the majority of systems
is not mobile today.

Rigid, Wearable, Powered Upper Limb Devices

Many state-of-the-art upper limb exoskeletons, such as CADEN 7 [226], ABLE [229], ArMin III [181],
HARMONY [230] and LIMPACT [202], are high-performance, however, non-wearable. In turn, many
wearable systems were developed using a variety of approaches, such as soft exosuits [231, 232, 233, 234,
235], passive exoskeletons e.g., with gravitational springs [236, 237], and passive exoskeletons for industrial

2This includes the scapulothoracic articulation, the acromioclavicular joint, and the sternoclavicular joint.
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applications [238, 239, 240, 241]. Rigid, wearable, powered upper limb exoskeletons are of the class, which
is most comparable to the device proposed in this thesis [242], [243], [244], [188], [245], [225], [189],
[209], [246], [228], [218], [247]. These listed systems include a complete arm structure and contain (at
least) a shoulder module. Some systems include other active and/or passive joints, such as elbow, wrist, and
hand joints. Most devices3 have a weight < 7 kg except for [243]. The different systems were developed for
various applications, therefore, the target torque and power requirements are obviously not fully comparable.
All aforementioned systems, apart from [245, 218], provide control via pHRI, utilizing force or torque sensor
measurements.

2.5 Summary

This chapter sets forth the foundation for the different research areas of this thesis. The following chapters
apply the technological background of soft and tactile robots in Sec. 2.1. The background in fluid robots is
of special interest for the development of pneumatic robots in Chapter 4. The background in prosthetics, see
Sec. 2.3, is necessary for the developments in Chapter 5. Finally, the background in exoskeletons is essential
for understanding the methods and results addressed in Chapter 6. In the next chapter, the model and control
framework is proposed.

3The systems provide shoulder torques between 4 Nm and 18 Nm. The maximum human shoulder torque is listed to be 60 Nm for
internal/external rotation, 115 Nm for abduction/adduction, and 134 Nm for flexion/extension [213].)
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3 Modeling and Control

In this chapter, the modeling and control framework is introduced, which is utilized for the development of all
mechatronic systems of this work. The sections of this chapter define the main components of the framework
to model the behavior of developed robots. It contains rigid body modeling (Sec. 3.1), soft robotics and
tactile controllers (Sec 3.2), an Actuator Abstraction Layer (AAL) (Sec. 3.3) and a Transmission Abstraction
Layer (TAL) (Sec. 3.4). Submodules and submodule variants are defined in the subsections, respectively.

The framework design was derived from the driving questions.

• What are commonalities and differences in modeling and control for robotic systems with various
actuator types, and transmission technologies?

• Is there a mathematical approach allowing the modeling, control and design by an overarching gener-
alizing framework?

The modular approach of this work provides possible solutions to these questions.
For the first question, it is important to consider the underlying rigid body model either as a fixed or

floating-base structure depending on whether the robot is mounted to the ground or a wearable device is
used. Based on state-of-the-art soft robotics controller design, the systems are equipped with a suitable
model-based compensation of the rigid body dynamics, an impedance controller for active compliance
control and a momentum observer to estimate external torques – or generalized forces.

For evaluating actuation and transmissions under the first question, novel abstraction layers are proposed
and used for the controller design. These allow to implement actuators and structures of varying complexity,
which are obscured by the abstraction layer. With this, a modular design of the different robot systems
becomes possible. Therefore, the particular actuator and transmission mechanisms are introduced. Specifi-
cally, electromechanical actuators (utilizing BLDCs + strain-wave gearing + torque sensing) and pneumatic
actuators (utilizing pneumatic cylinders + high-speed solenoids + pressure sensors) are used. The consid-
ered transmissions are directly flanged actuators, an antagonistic setup with two tendons per joint and an
antagonistic design setup with three tendons for two joints. This chapter was written based on [18], [14],
[16], [17] and [20].

3.1 Rigid Body Modeling

First, the general floating-base model of a serial kinematics is derived and subsequently simplified to the
fixed base model.

3.1.1 Floating-Base

The systems in this work incorporate serial chain kinematic structures. Other kinematic concepts such as
tree structures or kinematic loops are not part of this work but may be applied under the same framework.

Kinematics

The floating-base system is assumed to consist of a serial chain kinematics with 𝑖 = 1 . . . 𝑚 joints 𝒒 ∈ ℝ𝑚×1

and 𝑗 = 1 . . . 𝑛 rigid bodies, with 𝒒 denoting the generalized coordinate of the system. Its forward kinematics
can be described via the transformation matrices

b𝑻j (𝒒) = b𝑻1(𝒒)
1𝑻2(𝒒) . . .

j−1𝑻j (𝒒) (3.1)
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W𝑻b

(
W 𝒕b,

W𝝋b

)
b𝑻j (𝒒)

j𝑻x

𝑞1
𝑞2

𝑞3

Figure 3.1 Serial floating-base kinematics structure

corresponding to the rigid body coordinate frame ( 𝑗) expressed in base coordinates of frame (b), see
Fig. 3.1. In this work, the serial chain kinematics is obtained by modifying Denavit-Hartenberg parameters
[248] (DH). A floating-base description of kinematics (3.1) expressed in world coordinates (W) is

W𝑻x = W𝑻b
b𝑻j (𝒒)j𝑻x (3.2)

W𝑻b =

(W𝑨b
(W𝝋b

) W 𝒕b
0 1

)
, (3.3)

with W𝑻b being the transformation matrix of the floating-base and j𝑻x being the transformation matrix to a
frame (x), which is attached to an arbitrary frame ( 𝑗) along the kinematic structure (3.1). The coordinates of
the floating-base

W 𝒕b ∈ ℝ3×1,W𝝋b ∈ ℝ3×1 (3.4)

for translation and rotation are expressed in world coordinates (W). In this work, all orientations are expressed
by the Roll Pitch Yaw convention (RPY). W𝑨b ∈ SO(3) denotes the associated rotation matrix, which is
assumed to be defined for all transformation matrices W𝑻b. Thus, the generalized coordinate vector of the
floating-base serial chain is

𝒒c =
(

W 𝒕b
𝑇 W𝝋𝑇b 𝒒𝑇

)𝑇
∈ ℝ(6+𝑚)×1. (3.5)

Finally, the locations of every limb1 is described as

W𝑻j
(
𝒒c

)
=

(
W𝑨j

(
W𝝋j

)
W 𝒕j

0 1

)
(3.6)

with W 𝒕j being the translational position of frame 𝑗 , W𝑨j the orientation matrix of frame 𝑗 , and W𝝋j the
corresponding orientation vector.

Differential kinematics

Floating-base Jacobian matrices are required to compute an interaction between the floating body and its
environment. The floating-base Jacobian 𝑱(x, 𝒒c) of an arbitrary frame W𝑻x allows for mapping external

1Required for the calculation of the dynamics.
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generalized forces 𝝉ext and Cartesian wrenches WFext, as well as generalized velocities ¤𝒒c and Cartesian
velocities via

(W¤𝒕x W𝝎x
)𝑇 as

𝝉ext,c = 𝑱𝑇 (x, 𝒒c)WFext,

( W¤𝒕x
W𝝎x

)
= 𝑱(x, 𝒒c) ¤𝒒c. (3.7)

with 𝝉ext,c =
(

W𝑭b,ext
𝑇 𝜑𝑴b,ext

𝑇 𝝉𝑇ext

)𝑇
, where W𝑭b,ext,

𝜑𝑴b,ext and 𝝉ext are external forces and moments
of the base and external joint torques. 𝜑𝑴b,ext is described in a twisted coordinate frame 𝜑 which can be
transformed to world coordinates using (3.11). The translational and angular velocities W¤𝒕x and W𝝎x are
related to the associated transformation matrix W𝑻x. The external wrench

WFext =
(

W𝑭ext
𝑇 W𝑴ext

𝑇
)𝑇

∈ ℝ6×1 (3.8)

consists of the force W𝑭ext ∈ ℝ3×1 acting at W 𝒕x and the moment W𝑴ext ∈ ℝ3×1.

The analytic floating-base Jacobian may be obtained by setting up translational and rotational components
from (3.2) as

𝒇
(
𝒒𝑐

)
=

(
W𝑻x(1..3,4)

𝑇
𝜶RPY

(
W𝑻x(1..3,1..3)

)𝑇 )𝑇
,

=

(
W 𝒕x

𝑇 W𝝋𝑇x

)𝑇
, (3.9)

with 𝜶RPY ∈ ℝ1×3 being an operator for obtaining RPY orientation angles [249] from a rotation matrix
W𝑨x where W 𝒕x

𝑇 is the translational and W𝝋𝑇x is the rotational component of W𝑻x. The geometric Jacobian
𝑱(x, 𝒒c) ∈ ℝ6×(6+𝑚) of the chosen contact frame W𝑻x is obtained from partial derivative as

𝑱(x, 𝒒c) =
(
𝑰6×6 06×3
03×6 𝑱𝜔 (𝝋x)

)
𝜕 𝒇

(
𝒒c

)
𝜕𝒒c

, (3.10)

where 𝑱𝜔 (𝝋) denotes the twist matrix

𝑱𝜔 =
©­«
1 0 sin(𝜑2)
0 cos(𝜑1) − sin(𝜑1) cos(𝜑2)
0 sin(𝜑1) cos(𝜑1) cos(𝜑2)

ª®¬ ∈ ℝ3×3 (3.11)

from [250] using the orientation angles 𝝋 = (𝜑1, 𝜑2, 𝜑3)𝑇 .

Dynamics

The dynamics of the serial chain kinematics is either derived by the Lagrangian equations or via the
Newton/Euler approach [251]. From the Lagrange function

𝐿 = 𝑇 −𝑈, (3.12)

the kinetic energy 𝑇 and potential energy 𝑈 of the system are required. The former consists of the sum of
rotational and translational energy of each body 𝑗 as

𝑇 =

𝑛∑︁
𝑗=1

1
2

(
𝑗𝝎 𝑗

𝑇 𝑗 𝑰 𝑗
𝑗𝝎 𝑗 + 𝑚 𝑗

𝑗 ¤𝒕 𝑗
𝑇 𝑗 ¤𝒕 𝑗 + 2 𝑗 ¤𝒕 𝑗

𝑇 (
𝑗𝝎 𝑗 × 𝑗 𝒔 𝑗

) )
. (3.13)
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It contains the angular velocity 𝑗𝝎 𝑗 and translational velocity 𝑗 ¤𝒕 𝑗 of body 𝑗 described in the coordinates of
frame 𝑗 . Additionally, it contains the limb mass 𝑚 𝑗 and the inertia tensor 𝑗 𝑰 𝑗 of body 𝑗 described in the
coordinates of 𝑗 with respect to the origin of frame 𝑗 . The inertia tensor can be further described as

𝑗 𝑰 𝑗 =
©­«
𝑋𝑋 𝑗 𝑋𝑌 𝑗 𝑋𝑍 𝑗
𝑋𝑌 𝑗 𝑌𝑌 𝑗 𝑌𝑍 𝑗
𝑋𝑍 𝑗 𝑌𝑍 𝑗 𝑍𝑍 𝑗

ª®¬ , (3.14)

with 𝑋𝑋 𝑗 , 𝑌𝑌 𝑗 and 𝑍𝑍 𝑗 being the inertia parameters around the main axes, and 𝑋𝑌 𝑗 , 𝑋𝑍 𝑗 and 𝑌𝑍 𝑗 the
deviation moments. The reference frame for the kinetic energy may be described in any coordinate system of
use. In order to formulate (3.14) with constant entries it is beneficial to describe the kinetic energy in a body
frame. In general, it is common to describe the kinetic energy with respect to the center of mass, simplifying
(3.13). In this work, the kinetic energy is described with respect to frame 𝑗 according to MDH-parameters
[251]. With this, the robot model can be described in linear coordinates, which is very useful for robot
identification. As a consequence, the mass and the center of mass cannot be independently obtained. This
fact is expressed by the first moment

𝑗 𝒔 𝑗 = (𝑚𝑋, 𝑚𝑌, 𝑚𝑍)𝑇 = 𝑚 𝑗
𝑗 𝒓 𝑗 ,C 𝑗

, (3.15)

of body 𝑗 in coordinates of 𝑗 . The related parameters 𝑚𝑋 , 𝑚𝑌 and 𝑚𝑍 denote the first moment in 𝑥, 𝑦 and
𝑧 direction, respectively. Consequently, all mechanical parameters for a single rigid body 𝑗 are{

𝑋𝑋 𝑗 , 𝑌𝑌 𝑗 , 𝑍𝑍 𝑗 , 𝑋𝑌 𝑗 , 𝑋𝑍 𝑗 , 𝑌 𝑍 𝑗 , 𝑚𝑋 𝑗 , 𝑚𝑌 𝑗 , 𝑚𝑍 𝑗 , 𝑚 𝑗

}
. (3.16)

The linear and rotational velocities can be described as

𝑗 ¤𝒕 𝑗 = j𝑨W
W¤𝒕j, 𝑗𝝎 𝑗 =

j𝑨W
W𝝎j with

(W¤𝒕j W𝝎j
)𝑇

= 𝑱(j, 𝒒c) ¤𝒒c, (3.17)

where 𝑱(j, 𝒒c) is the Jacobians related to frame W𝑻j.

The potential energy of the system is then

𝑈 = −
𝑛∑︁
𝑗=1

(
W𝒈𝑇

(
𝑚 𝑗

W 𝒕 𝑗 + W𝑨 𝑗
𝑗 𝒔 𝑗

))
, (3.18)

where W𝒈 is the direction of the gravity vector.

Finally, (3.1)-(3.18) are used for calculating the Lagrange equation [249]

d
d𝑡

(
𝜕𝐿

𝜕 ¤𝒒 c

)
− 𝜕𝐿

𝜕𝒒 c
= 𝝉c, (3.19)

which can be further developed into the floating-base robot dynamics form

𝑴 (𝒒c) ¥𝒒c + 𝑪 (𝒒c, ¤𝒒c) ¤𝒒c + 𝒈(𝒒c) = 𝝉c + 𝝉ext,c (3.20)

with 𝑴 (𝒒c) ∈ ℝ(6+𝑚)×(6+𝑚) being the mass matrix, 𝑪 (𝒒c, ¤𝒒c) ∈ ℝ(6+𝑚)×(6+𝑚) the Coriolis matrix, 𝒈(𝒒c) ∈
ℝ(6+𝑚)×1 the vector of gravitational influences and 𝝉ext,c ∈ ℝ(6+𝑚)×1 the vector of external generalized
forces. The generalized joint forces are expressed as 𝝉c =

(
W𝑭b

𝑇 𝜑𝑴b
𝑇 𝝉𝑇

)
with W𝑭b ∈ ℝ3×1 and

𝜑𝑴b ∈ ℝ3×1 being the forces and moments of the base, and 𝝉 ∈ ℝ𝑚×1 being the joint torques. W𝑭b and
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𝜑𝑴b are zero as the base is not actuated. The matrices from (3.20) can be further subdivided into block
matrices

𝑴 (𝒒c) =
(
𝑴b,b(𝒒c) 𝑴b,j(𝒒c)
𝑴 j,b(𝒒c) 𝑴 j,j(𝒒c)

)
, (3.21)

𝑪 (𝒒c, ¤𝒒c) =
(
𝑪b(𝒒c, ¤𝒒c)
𝑪j(𝒒c, ¤𝒒c)

)
, 𝒈(𝒒c) =

(
𝒈b(𝒒c)
𝒈j(𝒒c)

)
,

where subscripts b and j denote base or joint influence, respectively.

Base Orientation

The forward dynamics of the system for plant simulation is obtained by numerically integrating ¥𝒒, ¥𝒕b and ¥𝝋b
over time. While the rotational velocity

W ¤𝝋b =

∫ 𝜏c

0

W ¥𝝋bdt (3.22)

can be obtained easily by numerical integration, the orientation of the robot base is computed by numerically
solving2 the well known differential equation [252]

W ¤𝑨b =
©­«

0 −𝜔b,z 𝜔b,y
𝜔b,z 0 −𝜔b,x
−𝜔b,y 𝜔b,x 0

ª®¬ W𝑨b, (3.23)

with

W𝑨b(𝑡) =
∫ 𝜏c

0

W ¤𝑨b(𝑡)dt. (3.24)

The angular velocity W𝝎b in (3.23) may then be obtained by( W¤𝒕b
W𝝎b

)
= 𝑱(b, 𝒒∗c)𝒒∗c , with 𝒒∗c =

(
W¤𝒕𝑇b W ¤𝝋𝑇b 0

)𝑇
, (3.25)

with 𝑱(b, 𝒒c) being the floating-base Jacobian of the base frame W𝑻b.

3.1.2 Fixed-Base

The fixed-base model is considered as a special case of the floating-base model and is derived as shown below.
For the fixed-base model, W 𝒕b and W𝝋b are constant and thus removed from the generalized coordinates

𝒒c =
(
�
��W 𝒕b
𝑇

�
��W𝝋𝑇b 𝒒𝑇

)𝑇
(3.26)

⇒ 𝒒c=̂𝒒 (3.27)

For simplicity, the base frame is chosen to be

W𝑻b =

©­­­«
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

ª®®®¬ , (3.28)

2This equation has to be applied as W𝝋b ≠
∫ 𝜏c
0

W ¤𝝋bdt.
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leading to the following kinematics model

W𝑻x = W𝑻b
b𝑻j (𝒒)j𝑻x (3.29)

= W𝑻j (𝒒)j𝑻x. (3.30)

After applying (3.30) on (3.1)-(3.19), the robot dynamics for a fixed-base equates to

𝑴 (𝒒) ¥𝒒 + 𝑪 (𝒒, ¤𝒒) ¤𝒒 + 𝒈(𝒒) = 𝝉 + 𝝉ext, (3.31)

with 𝑴 (𝒒) ∈ ℝ𝑚×𝑚 being the mass matrix, 𝑪 (𝒒, ¤𝒒) ∈ ℝ𝑚×𝑚 the Coriolis matrix, 𝒈(𝒒) ∈ ℝ𝑚×1 the vector
of gravitational influences and 𝝉ext ∈ ℝ𝑚×1 the vector of external generalized forces.

3.2 Soft Robotics and Tactile Control

The following section introduces state-of-the-art control concepts for robotic systems. In particular, three
main components are considered, namely i) rigid body model compensation, ii) joint impedance control and
iii) the momentum observer for disturbance monitoring.

3.2.1 Rigid Body Compensation

In this work, the rigid body model-based compensation structure

𝝉ff = 𝑪̂ (𝒒, ¤𝒒) ¤𝒒 + 𝒈̂(𝒒) (3.32)

is mainly used. It contains the estimated Coriolis torques 𝑪̂ (𝒒, ¤𝒒) = 𝑪 (𝒒, ¤𝒒) and the estimated gravity
vector 𝒈̂(𝒒) = 𝒈(𝒒). A compensation of inertia effects [253] is not considered in this work. The closed-loop
behavior for a fixed-base model is obtained by inserting (3.32) in (3.31), neglecting quantization discretization
and friction, and assuming the agreement of measured and actual joint angles as well as ideal torque control
𝝉ff = 𝝉. This leads to

𝑴 (𝒒) ¥𝒒 = 𝝉ext. (3.33)

This means that the system does not accelerate to the extent that no external torques 𝝉ext act on the system.
The same approach can be performed for a floating-base system (3.20) by applying floating-base model

compensation

𝝉ff = 𝑪̂j(𝒒c, ¤𝒒c) ¤𝒒c + 𝒈̂j(𝒒c) (3.34)

with the estimated Coriolis matrix 𝑪̂j(𝒒c, ¤𝒒c) and the estimated gravity vector 𝒈̂j(𝒒c). In contrast to (3.32),
Coriolis and gravity vector are taken from the submatrices (3.22). These were derived from the generalized
coordinate 𝒒c, see (3.5). Consequently, base orientation W𝝋b and translation W 𝒕b are also considered within
the model as shown below(

𝑴b,b(𝒒c) 𝑴b,j(𝒒c)
𝑴 j,b(𝒒c) 𝑴 j,j(𝒒c)

) ©­«
W¥𝒕b
W ¥𝝋b
¥𝒒

ª®¬ +
(
𝑪b(𝒒c, ¤𝒒c)

0

)
¤𝒒c +

(
𝒈b(𝒒c)

0

)
= 𝝉ext,c. (3.35)

The last row of (3.35) shows that Coriolis and gravity influences are compensated for 𝒒. However, an
acceleration of the base translation or orientation leads to joint acceleration. Based on the aforementioned
concept, the acceleration of the base on the joints may be compensated by

𝝉d = 𝑴̂ j,b(𝒒c)
( W¥𝒕b

W ¥𝝋b

)
, (3.36)
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however, requiring practically non accessible measurements of W¥𝒕b and W ¥𝝋b. After applying the model
compensations, the robotic systems essentially act with zero gravity, as in space. That is why this mode is
also called zero-g control. On top of this basic control mode, an impedance controller is constructed for
motion and compliance control.

3.2.2 Joint Impedance Control

The assumed controller is a joint level impedance controller

𝝉d = 𝑲imp(𝒒 − 𝒒d) + 𝑫imp( ¤𝒒 − ¤𝒒d) + 𝝉ff (3.37)

with 𝑲imp ∈ ℝ𝑚×𝑚 and 𝑫imp ∈ ℝ𝑚×𝑚 being the desired stiffness and damping matrices and 𝒒d the desired
joint angles. A diagonal damping approach [254] is applied for damping design

𝑫imp =

√︃
𝑴̂ (𝒒)𝑫Ψ

√︁
𝑲imp +

√︃
𝑲imp(𝒒)𝑫Ψ

√︃
𝑴̂ (𝒒). (3.38)

It serves as the decoupling of the generalized coordinates and adjustment of the actual damping along a
unified damping matrix 𝑫Ψ.

The closed-loop behavior of the overall system is

𝑴 (𝒒) ¥𝒒 + 𝑫imp ¤𝒒 + 𝑲imp𝒒 = 𝝉ext + 𝑲imp𝒒d + 𝑫imp ¤𝒒d, (3.39)

i.e., a mass-spring-damper behavior with adjustable active compliance and damping.

3.2.3 Momentum Observer

The generalized momentum observer from [255] is used for estimating external joint torques. Here, the
observer is adapted to utilize the floating base model components as [256]

𝝉̂ext = 𝐾O

(∫ 𝑇

0

(
𝝉 − 𝜷(𝒒c, ¤𝒒c) − 𝝉̂ext

)
dt − 𝑴̂ j,j(𝒒c) ¤𝒒

)
, (3.40)

with

𝜷(𝒒c, ¤𝒒c) = 𝑪̂j(𝒒c, ¤𝒒c) + 𝒈̂j(𝒒c) − ¤̂𝑴 j,j(𝒒c) ¤𝒒. (3.41)

A fixed-base formulation with a similar notation may be found in [257].

3.3 Actuator Abstraction Layer

In this section, the developed Actuator Abstraction Layer (AAL) is described. After introducing the concept,
modeling and force control for the used actuation technologies, including the fundamentals of pneumatic
and electromechanical actuation, are reviewed.
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Figure 3.2 Control scheme with the actuator abstraction layer
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3.3.1 Concept

In this work, the actuators of a robot are considered to be an ideal torque source. A torque source means
that the actuator delivers any torque 𝝉, which is commanded via a desired torque 𝝉d. This concept has been
utilized for pneumatic [14], hydraulic [258] and electromechanical robots [21].

Here, the combination of torque controller and actuator is integrated and interfaced by the Actuator
Abstraction Layer (AAL), see Fig. 3.2, encapsulating the actual functionality and mechatronic technology of
the underlying actuator. With this concept, the control scheme from Fig. 3.2 is compatible and conceptually
modular to various actuation technologies such as electromechanical, pneumatic or hydraulic actuation.

Generally, it is assumed from the design point of view that the inherent dynamic behavior of the actuator
is eliminated to the greatest extent by the underlying torque controller. However, fundamental characteristics
of the actuator such as inherent compliance, backdrivability, friction and stiction are generally not be fully
compensated by the control due to limited bandwidth and limited controller accuracy.

Finally, the concept of the force and torque source are shown graphically in the simulation results under
Fig. 3.4. The left side of the figure shows the simulation of a direct drive torque-controlled electromechanical
actuator. The right side of the figure shows a pneumatic force controlled actuator. Torque steps of 1 Nm
and a force of 10 N are desired by the controller. It can be seen that both forces and torques are regulated
correctly, despite the position change in row two and the disturbances in row three. Furthermore, real world
effects such as a different rise-time and different reactions on external forces and torques can be observed,
respectively.

The following section describes electromechanical and pneumatic actuation.

3.3.2 Electromechanical Actuation

The electromechanically driven systems used in this work are controlled by a cascaded controller structure
of current and torque control using BLDCs. The modeling and control of BLDCs is complex, contains
many nonlinearities, and requires high sampling frequencies. In general, the control of BLDCs is a well
understood problem for reliable and mature technology. In order to explain the torque source concept for
electromechanical systems, a simple torque controlled electromechanical direct current motor (DC motor)
is analyzed below.

Modeling

𝐿e𝑅e𝑖

𝑢 Ψe ¤𝑞

Rotor

𝐽 𝑏

𝑞, 𝜏

Figure 3.3 Electrical scheme of a DC motor excited by a permanent magnet

The scheme of the DC motor circuit is depicted in Fig. 3.3. The electrical function can be understood by
applying Kirchhoff’s law to the mesh circuit, resulting in

𝐿e¤𝑖 + 𝑅e𝑖 = 𝑢 − 𝑤, (3.42)

where 𝑢 denotes the input voltage, 𝑖 the current, 𝑅e the resistance and 𝐿e. A back-EMF acts on the circuit

𝑤 = Ψe ¤𝑞, (3.43)
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where Ψe is the flux and where 𝑞 the motor angle, counteracting the motion. The rotor of the DC motor can
be described by the differential equation

𝐼 ¥𝑞 + 𝑏 ¤𝑞 = 𝜏 + 𝜏ext, (3.44)

where 𝐽 is the rotor inertia, 𝑏 the viscous damping and 𝜏ext an external torque. The torque generated by the
motor 𝜏 can be further described by

𝜏 = 𝑐T𝑖, (3.45)

with 𝑐T being the torque constant.

Torque Control

In this basic illustrative example, torque control of the actuator is performed by current control, given that
the relation between current and torque is known from (3.45). For this, the control error is defined as

𝑒 = 𝑖d − 𝑖 =
𝜏d
𝑐T

− 𝑖. (3.46)

A Proportional-Integral (PI) controller may be used to control the current as

𝑢 = 𝐾P𝑒 + 𝐾I

∫ ∞

0
𝑒 d𝑡. (3.47)

The resulting behavior is depicted in Fig. 3.4 (left). It can be seen that the controlled system delivers the
demanded torque robust to actuation position changes and external disturbances.

0

0.5

1

Torque controlled DC motor

0

2

4

0 0.2 0.4 0.6 0.8 1

-2

-1

0

1

0

5

10

Force controlled pneumatic cylinder

-0.2

0

0.2

0 0.2 0.4 0.6 0.8 1

-5

0

5

Figure 3.4 Simulation of torque controlled DC motor and force controlled pneumatic actuator serving as force or
torque source, respectively. The pneumatic cylinder is equipped with a spring damper system as load.

The following section outlines the basic modeling and control dynamics of the utilized pneumatic systems.

3.3.3 Pneumatic Actuation

Modeling

In this work, linear and rotary pneumatic cylinders actuated by a proportional 5/3 valve3 are considered, see
Fig. 3.5. In the linear cylinder, a piston moves in direction 𝑥, driven by the pressure difference between 𝑃1

3The number 5 stands for the number of ports and 3 represents the number of possible states of the valve.
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and 𝑃2 of the surrounding chambers. In a rotary cylinder, a vane separates the two chambers, enabling a
rotary motion around 𝑞 by a pressure difference in the chambers. Both drives are equipped with pressure
sensors for each chamber, respectively. A proportional 5/3 valve couples the inflow and outflow of air from
the supply pressure to the chambers or from the chambers to ambiance. The proportional valves enable a
quasi-linear shift of the spool position 𝑥s.

𝑃1,𝑉1
𝑃2,𝑉2

Pressure sensor

𝑃1 𝑃2

Valve

𝑥s
𝑥

Position sensor
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𝑃sup

𝐹ext

Cylinder
Piston

Spool

𝑃1,𝑉1 𝑃2,𝑉2

𝑃1 𝑃2𝑥s

𝑢

Valve

𝑃sup

Cylinder

Vane

𝑞
𝑅r
𝑟r

𝜏ext

Pressure sensor
Spool

Figure 3.5 Technical drawings of linear and rotary pneumatic cylinders

A model of a double actuated pneumatic cylinder in combination with a proportional 5/3 valve was
introduced in [81]. The pressure dynamics of a pneumatic chamber is given by

¤𝑃 =
𝑅
√
𝑇atm
𝑉

¤𝑚v︷                  ︸︸                  ︷
(𝛼in ¤𝑚in − 𝛼ex ¤𝑚out) −𝛼mt

𝑃

𝑉
¤𝑉, (3.48)

with 𝑃 being the chamber pressure, 𝑉 the chamber volume depending on the piston position 𝑥, 𝑇atm being
a constant ambiance temperature, 𝑅 being the specific gas constant of air and ¤𝑚in and ¤𝑚out being in and
out flowing masses. 𝛼in, 𝛼ex, 𝛼mt are dimensionless attenuation factors close to 1, affecting the pressure
evolution of charging, discharging and cylinder motion.

The mass flow from and to the valve is ¤𝑚v𝑖 (which includes inflowing and outflowing mass ¤𝑚in and ¤𝑚out),
and is further modeled by

¤𝑚𝑋 = 𝑐f𝐴m,𝑋𝑃uΨ(𝑃d/𝑃u), (3.49)

with 𝑐f being a discharge coefficient of the valve and 𝑋 a placeholder for 𝑋 = {in, out}. Ψ(𝑃d/𝑃u) is the
flow function

Ψ(𝑃d/𝑃u) =


√√

2𝛾
𝑅𝑇u (𝛾−1)

[(
𝑃d
𝑃u

) 2
𝛾−

(
𝑃d
𝑃u

) 𝛾+1
𝛾

]
𝑃d
𝑃u

≥ 𝑃krit√︂
𝛾

𝑅𝑇u
2
𝛾+1

𝛾+1
𝛾−1 𝑃d

𝑃u
< 𝑃krit,

(3.50)

with 𝛾 being the heat capacity ratio of air. 𝑃krit = 2/(𝛾 + 1)𝛾/(𝛾−1) denotes the critical pressure. 𝑃d, 𝑃u and
𝑇u are downstream and upstream pressures as well as the upstream temperature. 𝑃u, 𝑇u and 𝑃d are assigned
by case distinction depending on the pressures 𝑃1, 𝑃2, atmospheric pressure 𝑃atm and supply pressure 𝑃sup
for each pressure potential, respectively.

For the considered system, a coupling between inflow and outflow of the neighboring chambers exists
due to the use of a 5/3 valve. For instance, when chamber 1 is connected to supply pressure, chamber 2 is
connected to ambiance and vice versa. This is expressed by the following substitution

𝐴v1 := 𝐴m,in1 = 𝐴m,out2, 𝐴v2 := 𝐴m,out1 = 𝐴m,in2 (3.51)
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Table 3.1 Linear and rotary pneumatic cylinder models

Linear cylinder Rotary cylinder
Coordinate 𝑥 𝑞

Volume 𝑉𝑖 = 𝑉0𝑖 + (𝐴𝑖𝐿/2 ± 𝐴𝑖𝑥)
𝐴eq = 𝑏

2
(
𝑟2

ro − 𝑟2
ri
)

𝑉𝑖 = 𝑉0𝑖 ± 𝐴eq (𝑞 − 𝑞0)
Force/torque 𝐹 = 𝑃1𝐴1 − 𝑃2𝐴2 − 𝑃atm𝐴r 𝜏 = 𝐴eq (𝑃2 − 𝑃1)

in (3.49) for chamber 1 and 2 and in- and outflow. The choke area function of the valve 𝐴v𝑖 , depicted in
Fig. 3.6, may be calculated by a geometric approach [81] or approximated by a suitable modeling function.
In this work, piecewise linear splines are used4 (indicated by the gray vertical lines in Fig. 3.6).

𝑥𝑠0

𝑥
m

ax

𝐴max
𝐴v1𝐴v2

Figure 3.6 Qualitative shape of valve orifice function 𝐴v𝑖

Between spool position 𝑥s and input voltage 𝑢, the following 1st order dynamics with time constant 𝜏 and
gain 𝑐vv is considered.

𝜏 ¤𝑥𝑠 + 𝑥𝑠 = 𝑐vv𝑢. (3.52)

Both linear and rotary cylinders can be modeled by (3.48) to (3.52), see Tab. 3.1. The motion of the linear
cylinder is described in the coordinate 𝑥, while the rotary cylinder is described by the angle 𝑞, see Fig. 3.5.
The volume of the linear cylinder is calculated based on the facing surfaces 𝐴1 and 𝐴2, the maximum
stroke length 𝐿 and the motion 𝑥. It yields 𝐴2 = 𝐴1 − 𝐴𝑟 with 𝐴𝑟 being the area of rod entering chamber
2. The volume of the rotary cylinder is based on the cylinder width 𝑏, the maximum radius 𝑟ro and the
minimum radius 𝑟ri of a chamber. Both rotary and liner cylinder models contain a dead volume 𝑉0𝑖 , which
is independent from the stroke. The force, which is generated by the linear actuator is 𝐹, while the torque
generated by the rotary cylinder is 𝜏. The parameter 𝐴eq is a geometric constant. 𝑞0 is used to shift the zero
position of the rotary cylinder. The derivation of the kinematics of the rotary cylinder can be found in the
Appendix A.1.2 .

Force and Torque Control

The pneumatic force and torque controllers in this work are based on a nonlinear sliding mode force controller
for pneumatic cylinders with a 5/3 proportional valve from [81]. The torque controller for rotary cylinders
was derived along the linear case. A first order sliding mode controller requires the definition of a so-called
sliding surface 𝑠(𝑡), which is essentially the control error for the first-order controller as it can be seen in
the first row of Tab. 3.2. Furthermore, the derivative of 𝑠(𝑡) is required, containing ¤𝑃1 and ¤𝑃2. ¤𝑃1 and ¤𝑃2
are substituted with the chamber models (3.48). Next, this equation needs to be solved for the system input.
Given that there are two inputs 𝐴v1 and 𝐴v2, which cannot both be present at the same time, a case distinction
for 𝑠(𝑡) < 0 and 𝑠(𝑡) > 0 is made by either including 𝐴v1 or 𝐴v2. These equations contain the flow-functions
ΨP2Pa, ΨPsP1, ΨP1Pa and ΨPsP2 using (3.50) and represent the mass flows between 𝑃2 and 𝑃atm, 𝑃sup and 𝑃1,

4This approach is chosen as high accuracy can be obtained by choosing many intervals and the inverse functions can be calculated
easily for nonlinear control due to its piece wise linearity. Identification results from [14] were used.
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Table 3.2 Force and torque control of linear and rotary cylinders using a sliding mode controller from [81].

Linear cylinder Rotary cylinder
Control
error 𝑠(𝑡) = 𝐹̃ = 𝐹 − 𝐹d 𝑠(𝑡) = 𝜏 = 𝜏 − 𝜏d

Approach ¤𝑠(𝑡) = ¤̃𝐹 = ¤𝑃1𝐴1 − ¤𝑃2𝐴2 − ¤𝐹d ¤𝑠(𝑡) = ¤̃𝜏 = 𝐴eq
( ¤𝑃2 − ¤𝑃1

)
− ¤𝜏d

Control law
𝑠(𝑡) < 0

𝐴m,eq=̂𝐴v1 = . . .

+( ¤𝐹d + 𝐴1 (+( ¤𝑉1𝑃1𝛼mt)/𝑉1)
−𝐴2 (−( ¤𝑉2𝑃2𝛼mt)/𝑉2))/((𝐴2𝑐pn𝑃2𝛼exΨP2Pa)/𝑉2
+(𝐴1𝑐pn𝑃sup𝛼inΨPsP1)/𝑉1)

𝐴m,eq=̂𝐴v1 = . . .

+(𝐴eq ¤𝑉1𝑃1𝑉2𝛼mt − ¤𝜏d𝑉1𝑉2
+𝐴eq ¤𝑉2𝑃2𝑉1𝛼mt)/(𝐴eq𝐾 𝑓 (𝑃2𝑉1𝛼ex ¤𝑚P2Pa
+𝑃sup𝑉2𝛼in ¤𝑚PsP1))

Control law
𝑠(𝑡) > 0

𝐴m,eq=̂𝐴v2 = . . .

−( ¤𝐹d + 𝐴1 (+( ¤𝑉1𝑃1𝛼mt)/𝑉1)
−𝐴2 (−( ¤𝑉2𝑃2𝛼mt)/𝑉2))/((𝐴1𝑐pn𝑃1𝛼exΨP1Pa)/𝑉1
+(𝐴2𝑐pn𝑃sup𝛼inΨPsP2)/𝑉2)

𝐴m,eq=̂𝐴v2 = . . .

−(𝐴eq ¤𝑉1𝑃1𝑉2𝛼mt − ¤𝜏d𝑉1𝑉2
+𝐴eq ¤𝑉2𝑃2𝑉1𝛼mt)/(𝐴eq𝐾 𝑓 (𝑃1𝑉2𝛼ex ¤𝑚P1Pa
+𝑃sup𝑉1𝛼in ¤𝑚PsP2))

𝑃1 and 𝑃atm, as well as 𝑃sup and 𝑃2, assuming a correct allocation of up- and downstream pressures. Finally,
𝑐pn = 𝑐f𝑅

√
𝑇atm is a combination of parameters for simplicity. The solved equations for the different case

distinctions are depicted in the last two rows of Tab. 3.2.
The calculated equivalent area 𝐴m,eq is inserted into the inverse function of the valve area, see Fig. 3.6, as

𝑥s,eq = 𝐴−1
v (𝐴m,eq). (3.53)

For this, the linear splines from Fig. 3.6 enable a straightforward interval based calculation of the inverse
function. The equivalent voltage is obtained by the static relation (3.52) as

𝑢eq =
𝑥s,eq

𝑐vv
. (3.54)

The final output voltage of the controller becomes

𝑢 = 𝑢eq − 𝐾pn1 sat
(
𝑠(𝑡)
𝐾pn2

)
, (3.55)

with the saturation function sat() and the gain parameters𝐾pn1 and𝐾pn2. The controller input 𝐹d or 𝜏d directly
affects 𝑠(𝑡), (3.55) and the equations from Tab. 3.2. The controller output is 𝑢. A dynamic simulation of the
full force controlled linear actuator is depicted in Fig. 3.4 (right).

3.4 Transmission Abstraction Layer

This section introduces the novel concept of a Transmission Abstraction Layer (TAL). Depending on the
robot design, the specific actuation may either be flanged at the robot joint or placed in a remote location.
In the latter case, transmissions are used to transfer the actuator force/torque to the robot joints. Common
transmission methods are tendons, rods, shafts and gears. This work focuses in particular on tendon-
driven, belt-driven and hybrid structures. Inherent deliberate compliance such as mechanical springs are
not considered in this work as the key focus centers around mechanically rigid actuation. Thus, the inherent
compliance of the pneumatic system is considered to be part of the actuation system, and not the transmission.

3.4.1 Concept

The control of tendon-driven structures requires specialized mathematical methods [259]. This section
utilizes the existing approaches to achieve a Transmission Abstraction Layer (TAL). The intention of the
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abstraction layer is to allow the same control approaches for tendon-driven/hybrid tendon-driven structures
as well as for directly joint driven structures, e.g. from Sec. 3.3.
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Figure 3.7 Control scheme with actuator and transmission abstraction layers

Figure 3.7 depicts an update of the modeling and control framework from Fig. 3.2 with a TAL. Let us
consider the exemplary tendon driven robot finger from Fig. 3.8. Tendon forces 𝐹t1, 𝐹t2, 𝐹t3, 𝐹t4 apply
the torque 𝜏1 and 𝜏2 to the joints 𝑞1 and 𝑞2. This fact is modeled by the Actuator/joint torque mapping
and defines the generalized actuator forces 𝝉a = (𝐹t1, 𝐹t2, . . . )𝑇 , which are generated by the force/torque
controlled actuation, see Fig. 3.7. In the system, the link-side joint angles 𝒒 cannot be measured directly
but in actuation coordinates 𝒒a. This can be modeled by an Actuator/joint coordinate mappings, which
transforms joint coordinates 𝒒 to actuator coordinates 𝒒a, incorporating the tendon extensions ℎ1, ℎ2, ℎ3 and
ℎ4, see Fig. 3.8. These two mappings describe the tendon-driven Robot model, together with rigid body and
actuator model from Sec. 3.1 and Sec. 3.3, respectively.
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Figure 3.8 Exemplary tendon-actuated robot finger [259]

The control of the tendon-driven robot requires further mathematical mappings. When using controller
(3.37), the desired joint torque 𝝉d is commanded, see Fig. 3.7. As robot joints are not actuated directly,
the Joint/actuator torque mapping is required to calculate the desired tendon forces 𝑭t,d for a desired joint
torque 𝝉d. These tendon forces are listed in the vector 𝝉a,d whose entries are the desired values of the
underlying actuator force/torque controller. In addition, model compensation and controller (3.37) require
measurements of 𝒒 and ¤𝒒 respectively. These are calculated based on actuator coordinates 𝒒a with the
help of the Joint/actuator coordinate mapping. In summary, both the AAL and the TAL are encapsulating
combinations of hardware and software components and are thus a mechatronic system.

Further relevant applications and design approaches for the TAL are shown below.

1. If all joints are actuated directly at the joint, all aforementioned mappings reduce to 1 and 𝝉=̂𝝉a and
𝒒=̂𝒒a. Consequently, Fig. 3.7 becomes Fig. 3.2.

2. The interface between Control system and Robot model shows the signals, which are transmitted
between the software and the physical system, i.e.,𝑼, 𝝉a, 𝒒a. Consequently, a realistic model of sensors
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and actuators can be obtained. Furthermore, the resulting controller can be directly implemented on the
specific hardware system, as sensor and actuator interfaces have already been considered in simulation.

3. A modular and systematic simulation becomes possible.

a) All mappings of the AAL may be replaced by 1 if the actuation specifications are not of interest.

b) All mappings of the TAL may be replaced with 1 if the specific transmission specification are
not of interest. Thus, the higher-level impedance controller and the model compensation may be
developed independently from the transmission models. Note this does not refer to the control
theoretic aspects such as stability or the robustness analysis, which is not the focus of this work.

4. Mappings may be validated against each other. A series connection of Joint/actuator torque map-
ping and Actuator/joint torque mapping, and Joint/actuator coordinate mapping and Actuator/joint
coordinate mapping should result in the same numerical value.

The followign section describes the mathematical methods for mappings.

3.4.2 Kinematic Mappings

Tendon-driven systems may be described by an analytical approach from [259]. For this, the length of each
tendon of the robot is modeled geometrically by the extension function

𝒉(𝒒) ∈ ℝ𝑝, (3.56)

where 𝑝 is the number of tendons. The partial derivative of (3.56) along the joint coordinates 𝒒 leads to the
tendon Jacobian

𝑱t(𝒒) =
𝜕𝒉(𝒒)
𝜕𝒒

𝑇

. (3.57)

This Jacobian allows for a mapping between generalized actuator forces 𝝉a and joint torques 𝝉 via

𝝉 = 𝑱t𝝉a. (3.58)

Furthermore, the velocities of joint and actuator coordinates can be calculated by

¤𝒒 = 𝑱†t
𝑇 (𝒒) ¤𝒒a, (3.59)

where 𝑱†t is the right pseudo-inverse of 𝑱t(𝒒) and the actuator velocity by

¤𝒒a = 𝑱t
𝑇 (𝒒) ¤𝒒. (3.60)

The joint coordinates 𝒒 can then be obtained by an online optimization [260], [17]

minimize
𝒒

( 𝒉̂(𝒒) − 𝒉) (3.61)

with 𝒉̂(𝒒) being the modeled and 𝒉 being the measured tendon elongation.
Desired generalized tendon forces can be computed by [261]

𝝉a,d = 𝑱+t (𝒒)𝝉d + 𝝉a,p, (3.62)

where 𝝉a,p is a generalized pretension force. As tendons can only transmit pulling forces, it has to be ensured
that the tendon forces always remain positive. For mass-less rod-driven structures on the other hand, both
positive and negative forces may be applied.



3.4 Transmission Abstraction Layer

31

In [17], a new tendon distribution algorithm

min
𝝉a,d

𝑝∑︁
𝑘=1

𝜏a,d,𝑘

such that
𝝉a,d ≥ 𝝉a,p

𝑱t(𝒒)𝝉a = 𝝉

(3.63)

was proposed, which is based on linear programming and solves the tendon problem at 1 kHz. Figure 3.9
gives an overview of all mappings from Fig. 3.7.

𝒒, ¤𝒒 𝒉, ¤𝒉 𝒒, ¤𝒒

𝝉d 𝝉a,d 𝝉a 𝝉

Joint space Joint space

Tendon space

(3.63)

(3.56), (3.60) (3.61), (3.59)

(3.58)

Figure 3.9 Actuator-/joint-level mapping

After examining the fundamentals of transmissions, the specific transmission mechanism of this work
including mathematical modeling are introduced.

3.4.3 Transmission Mechanisms

The following section evaluates the transmission mechanisms incorporated into this work. First, the flanged
actuator is used within the prostheses prototype I and II as elbow and forearm joint, see Chapter 5. Next,
the Belt and Bowden cables actuation is used for the shoulder exoskeleton, see Chapter 6. Subsequently, the
tendon actuation 1-Degrees Of Freedom and 2-Degrees Of Freedom is used for the pneumatic testbeds, see
Chapter 4. Finally, the hybrid Tendon/Non-Tendon Actuation is used for prosthesis prototype I and II from
Chapter 5 utilizing the aforementioned 2-Degrees Of Freedom tendon actuation.

Flanged Actuator – 1-Degrees Of Freedom

The most simple transmission is a directly flanged torque controlled actuator, see Fig. 3.10. In this case,
the joint torque 𝜏 acts directly on the rigid body dynamics as described in (3.20) and (3.31). Consequently,
𝜏 = 𝜏a and 𝑞 = 𝑞a.

𝑞, 𝜏

𝐽

Torque controlled
actuator

𝜏a

Figure 3.10 Flanged actuator

Belt and Bowden Cable Actuation – 1-Degrees Of Freedom

A typical belt and a Bowden cable transmission are depicted in Fig. 3.11. For both transmission types, the
torque controlled actuator is placed remotely and cables are used to transmit the force and torque to the robot
joint. In contrast to the Belt mechanism, the Bowden cable allows for a variable placement of the actuators
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as the inner cable is guided by the outer, flexible pipes of the Bowden cables. For the kinematics of both
transmission types, it yields

𝑞 =
𝑟in
𝑟out

𝑞a and 𝜏 =
𝑟out
𝑟in

𝜏a, (3.64)

where 𝑟out and 𝑟in are the spool radii of driven and driving spool.

𝑟in

𝑟in

𝑟out 𝑟out

𝜏a

𝜏a
𝑞 𝑞

Cable

Bowden
cable

Figure 3.11 Belt and Bowden cable actuation

Antagonistic Tendon Actuation – 1-Degrees Of Freedom

An antagonistically actuated robot joint is depicted in Fig. 3.12. In contrast to the belt transmission, each
tendon can be controlled individually by tendon forces 𝐹t1 and 𝐹t2 respectively. The variables of the joints

−𝑥1

𝐹t1

𝐹t2
𝑥2

𝑞
𝑟out

Tendon

Figure 3.12 Mechanical model of the antagonistic tendon-driven robot joint

are

𝝉a =
(
𝐹t1 𝐹t2

)𝑇
, 𝒒a =

(
𝑥1 𝑥2

)𝑇
, 𝒒 = 𝑞, (3.65)

with 𝐹t1 and 𝐹t2 being the tendon force, and 𝑥1 and 𝑥2 being the translational deflection. The extension
function of the joint is

𝒉(𝑞) =
(
𝑙1 − 𝑞𝑟out 𝑙1 + 𝑞𝑟out,

)
(3.66)

with 𝑙1 being a constant distance to the reference point and 𝑟out the radius of the pulley. Based on (3.57), the
tendon Jacobian follows to be

𝑱t(𝑞) =
(
−1 1

)
𝑟out. (3.67)

The robot dynamics of the tendon-controlled 1-dof system can be derived by the Newton/Euler method as

𝑀 (𝑞) ¥𝑞 + 𝐶 (𝑞, ¤𝑞) ¤𝑞 + 𝑔(𝑞) = (3.68)
𝐼 𝑗 ¥𝑞 + 𝑀j𝑔𝑙CM cos(𝑞) = 𝑱t(𝑞)𝝉a + 𝜏ext, (3.69)

with 𝑀 𝑗 the joint mass, 𝐼 𝑗 the joint inertia, 𝑔 being the scalar acceleration of the g vector and 𝑙CM being the
distance to the COM from the center of rotation.



3.4 Transmission Abstraction Layer

33

Tendon Actuation – 2-Degrees Of Freedom

An exemplary tendon-driven 2-dof transmission mechanism is depicted in Fig. 3.13. Essentially, the
mechanism is the logical straightforward extension of the 1-dof antagonistic joint from Fig. 3.12. The
underlying idea is to use the minimum amount of individual tendons to control the 2-dof robot joint.

The mechanism may be classified as parallel 2-dof robot, categorized as the 3SPS-1RR structure [16],
[17], where S stands for spherical, P for prismatic and R for rotational according to [249]. When practically
considering the tendons as mass-less, the mechanism from Fig. 3.13 reduces to a serial kinematics system,
consisting of a universal joint, which is described by the MDH-parameters in Tab. A.1 in the Appendix A.5.1.

𝐵3 𝐵1

𝐵2

𝑇3

𝑇1

𝑇2

b

1

2

𝑙3 𝑙2 𝑙1

𝐹t3 𝐹t1𝐹t2

Universal joint
𝑞1, 𝑞2

Fixation

Tendon

Eyelet 𝒓B3

𝒉3

𝒓wE

𝒓ET3 (𝒒)

𝑟d

𝑟u

ℎ

Figure 3.13 Kinematic 3SPS-1RR scheme of the tendon-driven wrist

The system variables are

𝝉a =
(
𝐹t1 𝐹t2 𝐹t3

)𝑇
, 𝒒a =

(
𝑙1 𝑙2 𝑙3

)𝑇
, 𝒒 =

(
𝑞1 𝑞2

)𝑇
, (3.70)

where 𝒒w=̂𝒒 denotes the joint coordinates of the robot. The wrist is driven by 𝑘 = 1..3 tendons, which are
fixed at 𝑇𝑘 at the end effector and slide through the eyelets 𝐵𝑘 , see Fig. 3.13. Both 𝑇𝑘 and 𝐵𝑘 are equally
distributed on circles with radius 𝑟u and 𝑟d respectively. 𝑇1 and 𝐵1 lie on the same plane spanned by y and
z of frame W𝑻b and for 𝒒 = 0. Following [259], the extension function can be obtained by describing the
tendon length 𝒉(𝒒) from 𝐵𝑘 to 𝑇𝑘 for each tendon applying the Euclidean norm as

𝒉1 = 𝒓B1w + 𝒓wE + 𝒓ET1(𝒒), (3.71)
𝒉2 = 𝒓B2w + 𝒓wE + 𝒓ET2(𝒒), (3.72)
𝒉3 = 𝒓B3w + 𝒓wE + 𝒓ET3(𝒒), (3.73)

𝒉(𝒒) = 𝒉wr(𝒒) =
©­­­­«
√︃
ℎ1,x

2 + ℎ1,y
2 + ℎ1,z

2√︃
ℎ2,x

2 + ℎ2,y
2 + ℎ2,z

2√︃
ℎ3,x

2 + ℎ3,y
2 + ℎ3,z

2

ª®®®®¬
. (3.74)

For clarity, Fig. 3.13 exemplifies the tendon geometry 𝒉3, which is calculated by 𝒓Bkw, 𝒓wE and 𝒓ETk (𝒒).
Here, 𝒓Bkw is the vector from point 𝐵𝑘 to the wrist base (b), 𝒓wE is the vector from the wrist base to the end
effector E, ℎ is a height and 𝒓ETk (𝒒) is the vector from the end effector to the tendon fixation point 𝑇k.

The proposed 3SPS-1RR structure is included in the design of a pneumatic robot and two prostheses in
this thesis.
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Hybrid Tendon/Non-Tendon Actuation - Prosthesis

The 2-dof mechanism from the previous section may be extended by a further two rotational dofs to a hybrid
tendon/non-tendon-driven structure. More specifically, this configuration consists of two rotary actuators,
followed by the 3SPS-1RR mechanism, see Fig. 3.14. According to (3.70), the variables of the hybrid system
can be extended to

𝝉a =
(
𝜏1 𝜏2 𝐹1 𝐹2 𝐹3

)𝑇
, 𝒒a =

(
𝑞1, 𝑞2 𝑙1 𝑙2 𝑙3

)𝑇
, 𝒒 =

(
𝑞1 𝑞2 𝑞3 𝑞4

)𝑇
. (3.75)

The hybrid tendon kinematics may be obtained by extending (3.74) to

𝒉(𝒒) = ©­«
𝑞1
𝑞2

𝒉wr(𝒒)

ª®¬ (3.76)

and applying (3.57) to (3.63). Thus, the fully-fledged hybrid mechanism may be described in tendon and
joint coordinates as depicted in Fig. 3.9. The full serial MDH kinematics is listed in Tab. A.2.

𝑙1

𝑙2

𝑙3
𝑞1 𝑞2

𝐹t2

𝐹t3

𝐹t1

Universal joint
𝑞3, 𝑞4

𝜏1 𝜏2

Figure 3.14 Kinematics and transmission scheme of the prosthesis with a 3SPS-1RR wrist

Hybrid Tendon/Non-Tendon Actuation - Exoprosthesis

The hybrid tendon/non-tendon-driven prosthesis from Fig. 3.14 is extended by an exoskeleton, carrying the
prosthesis, see Fig. 3.15. More specifically, this configuration consists of three rotary actuators, where the
first one is passive and joint 2 and 3 are driven remotely using Bowden-cables. This structure is followed by
the prosthesis. According to (3.70), the variables of the hybrid system can be extended to

𝝉a =
(
𝜏a2 𝜏a3 𝜏4 𝜏5 𝐹1 𝐹2 𝐹3

)𝑇
, (3.77)

𝒒a =
(
𝑞a2 𝑞a3 𝑞4 𝑞5 𝑙1 𝑙2 𝑙3

)𝑇
, (3.78)

𝒒 =
(
𝑞1 𝑞2 𝑞3 𝑞4 𝑞5 𝑞6 𝑞7

)𝑇
, (3.79)

whereas 𝑞1 is non-controllable. The hybrid tendon kinematics may be obtained by extending (3.74) to

𝒉(𝒒) =

©­­­­­­«

𝑟out
𝑟in
𝑞2

𝑟out
𝑟in
𝑞3
𝑞4
𝑞5

𝒉wr(𝒒)

ª®®®®®®¬
(3.80)

.
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Figure 3.15 Kinematics and transmission scheme of the exoprosthesis with a 3SPS-1RR wrist

3.5 Summary

This chapter examined the mathematical approach for the modeling and control of serial and parallel5
kinematic soft and tactile robots. On this basis, a modular AAL+TAL-structure was introduced, which
allows for an adaption of the robot design, according to special design requirements, by varying the robot
structural, actuation and control concept. Therefore, the robot may either be modeled as a fixed or floating-
base system. The serial kinematic structure incorporated different complementary, state-of-the-art control
approaches, such as a rigid body compensation, joint impedance controller and a momentum observer. With
this control concept, a cascaded controller structure with underlying torque controllers could be constructed.
Subsequently, a torque controlled system could be conceptually considered as an ideal torque source, allowing
the application of alternative actuation principles under a single mechatronics framework. For achieving this
goal, different force/torque controller variants for electromechanical and pneumatic actuators were debated.
These ideas were denoted as Actuator Abstraction Layer. It was argued that also for the transmission methods
between actuator and joint, a Transmission Abstraction Layer can be designed.

This framework builds the basis of the subsequent sim2real-guided design process. In order to show
diverse use cases, and to obtain progress in other robotic domains, the framework is utilized for investigating
muscle-like pneumatic robotic joint concepts (Chapter 4), wearable upper-limb prostheses (Chapter 5) and
a wearable shoulder exoskeleton (Chapter 6).

5Parallel structures can be considered in the design as long as the parallel elements, apart from the central serial structure, are
massless.
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Figure 4.1 Development approach for the pneumatic robots

Soft and Tactile Pneumatics: To date, most pneumatic actuators were researched on actuator level or
in a few experimental robot devices, see Sec 2.2. Recently, the company Festo SE & Co. KG introduced a
commercially available robot with the capacity or potential for incorporating pneumatically actuated robot
technology [125]. While FESTO did not disclose the technical details, its robot showed the potential
functionality and performance for such underlying technology. Within the research community, however,
pneumatic drives are sparsely used or considered as a common alternative to electromechanical actuation for
soft and tactile robots. While mechatronics and control concepts were heavily elaborated for electromechan-
ical drives, see Sec. 2.1, a similar attempt for pneumatic drives is currently still lacking. More specifically, a
rigorous methodological transfer of mechatronics and control methods from electromechanical actuation to
pneumatic actuation remains an open issue.

Approach: The approach of this work is to develop the basis for pneumatic technology for soft and tactile
robots being inspired by human neuromechanics and utilizing state-of-the-art technology from VSAs and
SEAs, see Fig. 4.1. For this, the design and synthesis framework from Sec. 3 uses a digital-twin-based
development, and also incorporates the virtual modeling, control and design of the robot.

The development of tactile controllers and mechatronics for pneumatics starts with the investigation of 1-
dof and 2-dof systems. For the 1-dof and 2-dof systems, novel tendon driven structures are investigated, which
are driven by two or three tendons, respectively. For linearly-actuated pneumatic cylinders, a rotary joint
with a bio-inspired, muscle-like actuator arrangement is designed. The proposed tendon-driven pneumatic
structure shares many similarities with the human musculoskeletal systems in terms of i) backdrivability, ii)
low friction, iii) remote actuation, iv) the ability for explosive motions, v) storage of energy and vi) impacts
robustness.

For system development, commonly-used state-of-the-art controllers are applied, such as joint impedance
control, force/torque control, momentum observation and unified-force impedance control. This provides a
systematic transfer of control and mechatronics concepts to the field of pneumatics. Also, novel actuator-level
controllers for leakage observation and compensation are presented. Finally, a 7-dof pneumatic robot simu-
lation investigates the feasibility of a pneumatic soft and tactile robot for a common commercially available
robot kinematics. It provides several possible application scenarios especially designed for pneumatic robot
application. These are calculated based on a physically-correct robot simulation containing i) the rigid body
model, ii) the simulation of seven pneumatic actuators, iii) the applicable pneumatic torque controllers and
v) the joint-level impedance controller.
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Contribution: The contributions of this chapter are

• the systematic transfer of mechatronics and control methods for pneumatic soft and tactile robot
systems, including proposed kinematic structures,

• the design of biologically inspired drive-trains by using tendon-driven actuation and pneumatic muscle-
like cylinders for 1-dof and 2-dof structures,

• the transfer of soft robotics control (i.e., joint impedance control, momentum observation, unified-force
impedance control) for the proposed 1-dof, 2-dof and 7-dof structure, and

• a pneumatic-level disturbance observation and compensation approach for nonlinear sliding-mode
force control.

The remainder of this chapter is dedicated to the following analysis. Section 4.1 presents the investigated
systems. Sec. 4.2 examines actuator and joint-level control, and this evaluation also applies to multi-joint
control under Sec. 4.3 . Finally, Sec. 4.4 summarizes key results and findings. This chapter was written
based on [262], [14], [15], [16], [263].

4.1 Systems

The following pneumatic systems, are investigated in this section (see Fig. 4.2)

• 1-dof pneumatic antagonistic actuator,

• 2-dof pneumatic antagonistic actuator, and

• 7-dof pneumatic robot physical simulation.

7dof pneumatic robot
simulation

Pneumatic 
actuation module

1dof pneumatic
 antagonistic actuator

Pneumatic
actuation module

Rotary 
actuator

2dof pneumatic
 antagonistic

actuator

Figure 4.2 Overview of pneumatic systems analyzed in this work

1-dof Robot

Figure 4.3 depicts a 1-dof pneumatic robot joint, which is actuated by two pneumatic cylinders in an
antagonistic tendon-driven, bio-inspired and muscle-like setup. The rigid body model of the robot joint is
described in Sec. 3. The system is actuated by two force controlled pneumatic cylinders, for which model
and force control are described in Sec. 3. The 1-dof actuator is designed to be robust against mechanical
impacts. While buckling of rods is generally a problem in pneumatic cylinders, in this design, only pulling
forces act on the pistons, and is therefore uncritical in case of high interaction forces. The 1-dof actuator is
highly backdrivable. This is affected by the linear relation between pulley and piston, and further supported
by the low friction cylinders. As a consequence, external joint torques can be fully absorbed by the pneumatic
chambers when an external impact occurs.
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−𝑥2
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𝐹t2

𝑞

(a) Scheme (b) Testbed

Figure 4.3 Schematic and experimental testbed for the 1-dof pneumatic actuator

2-dof Robot

Fig. 4.4 depicts a 2-dof pneumatic robot joint. The mechanism is an extension of the prior actuator for
two dimensions and is controlled by the minimum number of tendons. The consequence of this extension
is a nonlinear kinematic relation between the actuator and the structure. The rigid body and transmission
model of the 3SPS-1RR structure are shown in Sec 3.4.3. The mechanism in Fig. 4.4 shows a tendon-driven
actuation by three pneumatic force-controlled cylinders. In this mechanism, the 2-dof mechanism is designed
to be robust against impacts as only pulling forces are transmitted by the actuation.
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(a) 3SPS-1RR scheme
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Figure 4.4 Schematic and experimental testbed for the pneumatic wrist impedance controller

7-dof Robot Simulation

The final system of this work is a hypothetical 7-dof pneumatically actuated robot, see Fig. 4.5. The serial
kinematic structure of the robot is based on the Franka Emika robot. Kinematic and dynamic parameters for
the simulation are taken from [264]. The aim is to investigate the feasibility of a full 7-dof pneumatic robot
and to analyze the robot performance when using pneumatic actuators. In contrast to the previous 1-dof
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and 2-dof mechanisms, neither tendon-driven, nor linear cylinders were considered unsuitable for the given
kinematic structure. Instead, double actuated rotary pneumatic actuators were used for the robot actuation,
which are flanged to the robot joints. The framework from Sec. 3 enables straightforward modeling and
control of the torque-controlled robot.

The actuators of the system are designed on the basis of the real Franka Emika robot [34]. Consequently,
the pneumatic actuators are intended to provide the same maximum torque and joint limits as those of the
Franka Emika robot [34]. For simplicity, only one actuator type was considered for all joints using the
same proportional valve (Enfield technology LS-V05s), as used for the other simulations. The resulting
hypothetical pneumatic actuator provides 79 Nm of torque, and has a radius and width of 6.4 cm. The valves
may either be placed in the structure, or in the base of the robot. Neither a delay in the pipes between valves
and cylinders, nor the weight of the valves was considered.

Rotary
pneumatic actuator

𝑞

𝜏

Figure 4.5 Simulation of a Franka Emika robot equipped with seven rotary torque controlled pneumatic actuators
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4.2 Actuator and Joint Control

This section investigates actuator and joint control methods on the 1-dof actuator, see Fig. 4.3.

4.2.1 Joint Impedance Control

Figure 4.6 depicts the cascaded controller structure for the 1-dof antagonistic robot joint from Fig. 4.3. The
system model is obtained by (3.69), with the tendon Jacobian 𝑱t(𝒒) from (3.67). Pneumatic modeling and
underlying force control are described in Sec. 3.3.3. The required mappings 𝜏 → 𝐹 and 𝑥 → 𝑞 (see Fig. 4.6)
may be then obtained using (3.62) and (3.59). The joint impedance controller (3.37) with scalar entries is

Force
controller1

Pneumatic
system1

𝑥 → 𝑞

Joint
impedance
controller

𝜏 → 𝐹
Force

controller2
Pneumatic
system2

𝑞d

𝑢1

𝑢2𝐹d2

𝐹1

−

𝐹2

−

𝐹d1
𝑥1

𝑥2

𝑞

−

Figure 4.6 Signal flow diagram of impedance control for the tendon driven pneumatic system

applied to the system. The feed-forward control and the impedance controller are chosen to be

𝜏ff = (𝐼 𝑗 + 2𝑙2CM𝑀p) ¥𝑞d + 𝑀j𝑔𝑙CMcos(𝑞) (4.1)
𝜏d,imp = 𝐾imp(𝑞d − 𝑞) + 𝐷imp( ¤𝑞d − ¤𝑞) + 𝜏ff (4.2)

for compensation inertia and gravity influences. The damping 𝐷imp is adjusted by

𝐷imp = 2𝐷
√︃
𝐾imp(𝐼 𝑗 + 2𝑙2CM𝑀p), (4.3)

enabling a unified damping adjustment by the damping factor 𝐷.
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Figure 4.7 Experiment: position tracking of antagonistic impedance control

Figure 4.7 depicts the tracking performance for different sinusoidal signals. The desired joint angle 𝑞d
is achieved correctly for all frequencies 0.125, 2, 4, and 7 Hz. At 7 Hz, some noticeable deviation of 𝑞
can be observed. The mean absolute errors are |𝑒 |0.125Hz = 1.2◦ ≈ 0.021 rad, |𝑒 |2Hz = 2.4◦ ≈ 0.042 rad,
|𝑒 |4Hz = 1.6◦ ≈ 0.028 rad and |𝑒 |7Hz = 7.6◦ ≈ 0.133 rad. Consequently, high dynamics can be achieved by
the 1-dof robotic actuator.
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Stiffness Adjustment

An investigation of the static stiffness characteristics is shown in Fig. 4.8. The experiment was performed
at 𝑞d = 0 rad. From this set point, the link is deflected in small angular steps up to 𝜋/2 for stiffness
values ranging from 0.1 to 2.75 Nm/rad. The markers in Fig. 4.8 represent force measurements for specific
deflections. The solid lines show the optimal levels of adjusted stiffness during the experiment. It can be
observed that the expected torques are achieved correctly for smaller angular displacements. For increasing
stiffnesses, earlier detachment from the ideal stiffness characteristic line can be observed. This detachment
is caused by the particular choice of the pretension force in combination with a linear distribution of tension
forces, which increases one tendon force while decreasing the other. When the lower tendon force reaches
a predefined lower boundary, it saturates to prevent slacking. Furthermore, a maximum torque of about
0.55 Nm can be observed, which follows from supply pressure 𝑃sup and cylinder piston areas 𝐴1 and 𝐴2.
Finally, it can be stated that all defined stiffnesses are achieved correctly for angles lower than 0.1 rad.
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Figure 4.8 Experiment: Static torque-deflection characteristics of the impedance controlled finger

Damping Adjustment

The following section investigates adjustable damping. Based on the digital-twin-simulation, the damping
adjustment is first analyzed by the simulation below, see Fig. 4.9, which shows the step response of the
antagonistic impedance controlled system for a step change in 𝑞d for three different damping ratios 𝐷 = 0.2,
𝐷 = 0.7 and 𝐷 = 1 with underlying simulated force controllers. For validation purposes, the system response
is compared to an ideal impedance behavior 𝑞i (gray line in plot), which is characterized by the following
transfer function

𝐺 (𝑠) =
𝐾imp

(𝐼 𝑗+2𝑟2𝑀p )

𝑠2 + 2𝐷
√︂

𝐾imp
(𝐼 𝑗+2𝑟2𝑀p )

𝑠 + 𝐾imp
(𝐼 𝑗+2𝑟2𝑀p )

. (4.4)

The results show that the system closely resembles the behavior of (4.4) on the basis of linear theory. As
expected, slightly damped oscillations occur when reducing 𝐷. Minor differences can still be observed,
which can be explained by the limited bandwidth of the controller.

Figure 4.10 depicts a system response test. Applying linear theory, the comparison reveals a similar
system behavior. The experimental setup reflects the expectation for the chosen damping ratios. However,
in comparison to simulation, the experimental system produces slightly larger overshoots. Due to a lower
supply pressure of 3.5 bar, the required forces needed for deceleration are not achieved, leading to the
observed overshoots.

Finally, the system response is also tested for varying damping factors when being deflected from the
set-point by human interaction, see Fig. 4.11. The desired joint angle is set to 𝑞d = 0. One can see that the
system is deflected for both damping parameters with the similar oscillations as observed in Fig. 4.10. After
analyzing the impedance characteristics of the actuator, the next section focuses on impact robustness.
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Figure 4.9 Digital twin simulation: Step responses of antagonistic impedance control for different damping ratios
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Figure 4.11 Experiment: Human interaction by application of an external force and system response for 𝐷 = 0.2

Impact Robustness

The developed pneumatic actuator is designed to be robust against hard collision, as shown by the following
experiment.

Fig. 4.12 (left) depicts a human lashing out for a strike on the actuator. Subsequently, the human is asked
to hit the finger of the actuator with maximum force and speed. The measurement of this action can be seen
in Fig. 4.12 (right). The upper row shows the deflection up to about 90 deg due to the impact. The lower row
shows the desired and actual actuator forces of cylinder 1 of the system. 𝐹t1 follows 𝐹d up to the maximum
actuator force 𝐹max within ≈ 0.01 s. 𝐹max results from piston areas 𝐴1 and 𝐴2 and supply pressure 𝑃sup.
However, 𝐹d increases to ≈ −50 N as demanded by the impedance controller. Consequently, when exceeding
𝐹max, the impedance becomes nonlinear and is determined by the inherent compliance of the system. Once
the finger returns, 𝐹d comes in reach and the force control continues. This process takes ≈ 0.22 s for the
system to settle, showing the high dynamics and impact robustness of the device.
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Figure 4.12 Impact handling: the proposed actuator can handle a collision in 80 ms.

4.2.2 Joint Disturbance Monitoring

Another important control element of a soft and tactile robots is the momentum observer [255] as described
in Sec. 3.2.3. It allows for measuring external torques 𝜏ext for models of type 3.31. For the 1-dof pneumatic
actuator, the structure of the observer simplifies to

𝜏ext = 𝐾O

(∫ 𝑇

0
(𝜏 − 𝑔(𝑞) − 𝜏ext) 𝑑𝑡 − 𝐼 ¤𝑞

)
, (4.5)

with 𝑔(𝑞) = 𝑀j𝑙CM cos(𝑞). 𝜏 is obtained from (3.58). While the joint disturbance observer is not further
analyzed in this section, it contributes to the unified torque impedance controller as discussed in the following
section.

4.2.3 Unified Force / Impedance Control

Tactile robots not only respond with desired impedances but also accurately regulate contact forces at the
robot end effector. In principle, an impedance controller may be used to apply any demanded contact force:
For this, the set-point 𝒙d may be set underneath the contact surface, resulting in a desired force Fext for
a given stiffness 𝑲imp. A disadvantage of this approach is that the contact surface and properties must be
known for achieving accurate force control. This is usually not the case for many robot applications. Another
downside is a sudden contact loss. As the impedance controller stores potential energy when being deflected,
a contact loss may lead to potentially harmful velocities. An alternative approach is to apply direct force
control methods, as shown in [265] and [266].

The unification of force and impedance control was first introduced in [76] as well as the first safe
contact-loss handling based on deflection monitoring. In this work, such method is directly applied to the
antagonistically driven pneumatic robot joint from Fig. 4.3.

The main contributions of the present work are

• the application and validation of the momentum-based disturbance observer paradigm to pneumatic
systems for estimating external torques without the need for acceleration measurements, and

• the application of unified torque and impedance control to pneumatically actuated robot joints.
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Joint-Level Torque Control

A key component of the unified torque impedance controller is the extended joint torque controller. Contact
joint torque control for the antagonistic pneumatic system is achieved by a PID controller

𝜏d,trq = 𝛼

(
𝐾p𝑒 + 𝐾d ¤𝑒 +

∫ 𝑡

𝑡1

𝐾i𝑒 𝑑𝜎

)
(4.6)

𝑒 = 𝜏d,f − 𝜏ext, (4.7)

with the controller parameters 𝐾p, 𝐾i and 𝐾d for the proportional, integral and derivative part. 𝜏d,f is the
desired torque at joint level and 𝜏ext denotes an observed external torque from (4.5), which is used for the
torque error 𝑒. The parameter 𝛼 = [0, 1] enables the de-/activation of the controller. 𝑡1 resets the integral
part.

Passivity-Based Unified Torque/Impedance Controller

Based on (4.1) and (4.6), a preliminary unified torque/impedance control for the pneumatic joint can be
constructed as

𝜏′d = 𝜏d,trq + 𝜏d,imp. (4.8)

However, passivity analysis outlined in the Appendix A.1.1 reveals that for the controller (4.8) passivity
is violated. To resolve this issue, the controller design from [76] is adapted and an energy tank [267], [268]
with the dynamics

¤𝑥t =
𝛽

𝑥t
(𝐷imp ¤𝑞2 − 𝛾 ¤𝑞𝜏d,trq) + 𝑢t (4.9)

state 𝑥t and an input 𝑢t is introduced. Additionally, the binary keys 𝛾 and 𝛽 are defined as

𝛾 =

{
1, if ¤𝑞𝜏d,trq < 0 → passivity not violated
0, if ¤𝑞𝜏d,trq ≥ 0 → passivity violated

and

𝛽 =

{
1, 𝑇t < 𝑇u

0, else
.

𝑇u defines an upper tank boundary referring to the tank energy

𝑇t =
1
2
𝑥2

t . (4.10)

The connection between the tank and unified controller is established by a so-called Dirac structure(
𝑢c
𝑢t

)
=

[
0 𝜔

−𝜔 0

] (
𝑦c
𝑦t

)
, (4.11)

with the output port of the tank 𝑦t = 𝑥t, the input 𝑢c and the output port of the controller 𝑦c = ¤𝑞. The
connection 𝜔 between controller and tank is defined by

𝜔 =
𝛼

𝑥t
(1 − 𝛾)𝜏d,trq. (4.12)
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Another binary key 𝛼 is introduced as

𝛼 =

{
1, 𝑇t > 𝑇l

0, else,
(4.13)

with 𝑇l being the lower boundary of the tank energy. The tank augmentation changes the control law (4.8)
to

Γ = 𝛾𝜏d,trq + 𝜔𝑥t (4.14)
𝜏d = −𝐾imp𝑞 − 𝐷imp ¤𝑞 + 𝑔̂(𝑞) + Γ. (4.15)

The passivity analysis of this controller is done in Appendix A.1.1.
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Figure 4.13 Shaping function for contact-loss handling

For handling unexpected contact losses, a shaping function 𝜌 is introduced, which provides a smooth
transition between torque and impedance control [76]. The definition of Γ is changed to

Γ′ = Γ𝜌, (4.16)

where 𝜌 is defined as

𝜌 =


1 𝜏d𝑞

∗ ≥ 0
1
2

(
1 + cos

(
𝜋
𝑞∗

𝑑max

))
𝜏d𝑞

∗ < 0 ∧
|𝑞∗ | > 0 ∧ |𝑞∗ | < 𝑑max

0 else,

(4.17)

where 𝑞∗ = 𝑞 − Δ𝑞s and Δ𝑞s = sign(𝜏d)Δ𝑞s1. The parameter 𝑑max adjusts the width of the transition
range. The parameter Δ𝑞s1 denotes a robustness region, see Fig. 4.13. Finally, Fig. 4.14 shows the complete
schematics of the controller.

Joint-Level Torque Control

Figure 4.15 shows the torque tracking performance in simulation and experiment for sinusoidal and step
signals. With this, the experimental results are also compared to the results from the digital-twin simulation.
After establishing contact, torque control is assessed under (4.15). To prevent slacking, the actuator provides
a theoretical maximum torque of 𝜏max = 0.52 Nm, considering a maximum actuator force of 𝐹t𝑖,max = 34 N
(based on 6 bar) and a minimum actuator force of 𝐹t𝑖,min = 5 N of the opposite actuator.
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Figure 4.14 Torque/impedance control for a pneumatic antagonistic joint

The left two columns of Fig. 4.15 show the torque tracking results for sinusoidal signals of 2 Hz with
different offsets. The offset of the desired torque is increased until a loss in performance can be observed.
Simulations and experiments show accurate phase-less tracking for all offsets.

The right two columns show a step function tracking for different offsets. Both simulation and experimental
results show an overshoot of ≈ 0.05 Nm. Presumably, the experimental noise originates from noise of the
pressure sensors in combination with a high momentum observer gain. The latter was chosen as a compromise
between filtering and dynamics. In the simulation and the experiment ≈ 23 % below 𝜏max, a decreasing
control performance can be observed. The pressure potential between cylinder chamber and tank is likely
too low to provide a sufficient mass flow. As a consequence, both the simulation and the experiment provide
very similar results.
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Figure 4.15 Digital twin and experimental results for torque tracking of sinusoidal and step functions with different
contact offsets
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Unified Torque Impedance Control

For the evaluation of the unified impedance controller, an experiment is designed to provide contact and
non-contact situations for the pneumatic robot joint, see Fig. 4.16. The idea of the experiment is to first
allow for the free motion of the finger, and then block the way with a slider to affect a controller transition to
torque control. When the finger performs torque control in contact, the slider is pulled out of the way. This
experiment is investigated both in simulation and experiments, see Fig. 4.17. The investigation is divided
into intervals (a)-(e). For the analysis, the desired trajectory 𝑞d2 is introduced. 𝑞d2 is connected in series
with 𝑞d, and 𝑞d2 performs a repetitive motion (see Fig. 4.17, blue line). For tracking, it yields 𝑞d = 𝑞d2
depending on the current state of the state machine 𝑞d2 is detached from 𝑞d.

Figure 4.16 Contact experiments with a slider providing contact/non-contact situations

The following experimental protocol describes the states and transitions of the state machine:

• Position tracking (a), (b), (c): the controller fulfills tracking 𝑞d = 𝑞d2 with pure impedance control at
predefined stiffness 𝐾imp and damping 𝐷imp.

• Recognize contact (c) → (d) : A contact is recognized at time 𝑡0 if the external torque 𝜏ext has been
exceeded a predefined threshold 𝜏t for a certain time period Δ𝑡. It yields 𝑞d = 𝑞d2.

• Activate PID torque control (d): the parameter 𝛼 of (4.6) is set to 1 to activate PID torque control.
Furthermore, the integral part of the controller is reset by setting 𝑡1 = 𝑡0. Subsequently, the next state
is ascertained.

• Fade 𝑞d to contact point (d): To avoid fast and unwanted initial motions in case of contact loss,
caused by the impedance controller, the set point of the impedance control is set close to the contact
point 𝑞co, as 𝑞d = 𝑞co − 𝜖 . 𝑞co is the measured position at 𝑡0. 𝜖 is a small angle to ensure contact until
the PID torque controller has reached the desired torque 𝜏d,f . A possible fading function

𝑞d = (𝑞co − 𝜖 − 𝑞d,𝑡0) 𝑓 (𝑡) + 𝑞d,𝑡0 (4.18)

𝑓 (𝑡) =
(
1 − 𝑒−𝜆(𝑡−𝑡0 )

)3
(4.19)

is applied to obtain a continuous transition to the new set point. 𝑞d,𝑡0 is the desired angle at the time
of contact recognition. 𝜆 affects the widths of the fading zone. 𝑞d remains at this position until the
end of (e). Consequently, the torque controller performs its desired control operation while being in
contact.

• Recognize contact loss (d) → (e): in case of sudden contact loss, the link accelerates in the same
direction as the force applied to the surface of the obstacle. As a consequence, 𝑞 passes the intervals
Δ𝑞s1 and 𝑑max of the shaping function 𝜌, see Fig. 4.13. The further 𝑞 travels along 𝑑max, the lower the
value that 𝜌 becomes. Since 𝜌 is multiplied with the torque controller (4.14) in (4.16), the contribution
of the torque control is continuously decreased. If 𝜌 has reached zero, the contact loss is recognized
and the system transits to the next state.
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• Deactivate Proportional Integral Derivative (PID) torque control (d) → (e): Since it was ensured
in the previous state that the torque control faded out continuously, switching off the torque control by
setting 𝛼 = 0 does not affect the system behavior anymore. This will be analyzed in Fig. 4.18.

• Hold position (e): the system holds the position to show the contact loss handling.

• After time (e) → (a): a smooth transition is used to align 𝑞d and 𝑞d2 again.

Figure 4.17 shows both the simulation and the experimental results of the experimental protocol. Clearly,
the behavior of the experimental protocol can be accurately reproduced both in simulation and experiment.
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Figure 4.17 Position tracking with a contact/non-contact situation under unified torque/impedance controller comparing
the simulation and the experimental device

Figure 4.18 investigates the contact loss between 𝑡 = 19.45 s and 𝑡 = 19.55 s of Fig. 4.17b in more detail.
The maximum angular deflection amounts to −0.062 rad or −3.56◦, respectively. 70 ms after contact loss
occurs, the system reaches a resting position. The difference to the desired angle 𝑞d may be explained by
friction. The upper row of Fig. 4.17b shows the result of the shaping function 𝜌. It is evident that the shaping
function decays smoothly to zero before the torque control is switched off.
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Figure 4.18 Enlarged section of Fig. 4.17b clearly visualizing the contact loss
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In this section, it was shown that the new concept of unified torque impedance controller can be successfully
applied to the pneumatic robot joint. The next section proposes and evaluates novel pneumatic actuator-level
methods such as a pneumatic disturbance observer and a compensated sliding mode force controller.

4.2.4 Leakage Observation

On the pneumatic level, the piston force can be controlled by state-of-the-art sliding-mode controllers.
However, disturbances such as leakages remain a significant limitation for performance. For this reason,
a novel pneumatic disturbance observer is introduced in this section, which is designed pursuant to the
well-known momentum observer concept known from soft and tactile robotics [33], see Tab 4.1. This
new observer allows for measuring disturbances in a pneumatic chamber, which can be transformed to
leakages when combining the observer results of two pneumatic chambers, respectively. Consequently, an
observer-based leakage estimation and measurement becomes possible. In addition, a controller structure is
proposed to equip the sliding mode force controller in Sec. 3.3.3 with the output of the observer. This further
improves the performance, robustness and accuracy of the force controller – even in the case of extreme
system parameter changes, such as lost pipes.

Table 4.1 Comparison between mechanical momentum observer from [265] and this work. Mechanical terms:
Momentum 𝒑. Measured units □, estimated units □̂.

Mechanical
momen-
tum
observer
[33]

Approach: ¤̂𝝉ext = 𝐾o
( ¤̂𝒑 − ¤𝒑

)
Assumption: ¤̂𝝉ext = 0
Observer: 𝝉̂ext = . . .
= 𝐾o

(∫ 𝑇
0 [𝝉 − 𝜷( ¤𝒒, 𝒒) − 𝝉̂ext] d𝑡 − ¤𝑴 (𝒒) ¤𝒒

)
𝜷( ¤𝒒, 𝒒) = 𝑪 (𝒒, 𝒒) + 𝒈 (𝒒) + ¤𝑴 (𝒒) ¤𝒒

Pneumatic
observer
(this work)

Approach: ¤̂𝑧 = 𝐾o

( ¤̂𝑃 − ¤𝑃
)

Assumption: ¤̂𝑧 = 0
. . . see Sec. 4.2.4 . . .
Observer: 𝑧 = 𝐾o

(∫ 𝑇
0

( ¤̃𝑃 − 𝑧
)

d𝑡 − 𝑃
)

¤̃𝑃 =
𝑅
√
𝑇atm

𝑉 (𝑥 )
∑𝑛
𝑖 𝛼i ¤𝑚in − 𝛼 𝑃

𝑉 (𝑥 )
¤𝑉 (𝑥)

Consequently, this method can also be used for detecting system parameter changes, and if used as a
disturbance compensator in the controller, to improve performance, robustness and accuracy.
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Figure 4.19 Architecture of the considered pneumatic system with leakage
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An updated model of the disturbed system is proposed below. In contrast to the chamber description in
(3.48), the model is now rewritten1 as

¤𝑃 = ¤̃𝑃 − 𝑧, (4.20)

with

¤̃𝑃 =
𝑅
√
𝑇atm

𝑉 (𝑥)

¤𝑚v︷                  ︸︸                  ︷
(𝛼in ¤𝑚in − 𝛼ex ¤𝑚out) −𝛼mt

𝑃

𝑉 (𝑥)
¤𝑉 (𝑥) (4.21)

being the ideal chamber model. Furthermore, 𝑧 is the disturbance and ¤𝑚v is the combined in- and outflow of
the respective valve.

Now, leakages ¤𝑚L1 and ¤𝑚L2 are introduced, see Fig. 4.19, which are incorporated into the model by (4.21),
(4.20). These scalar chamber equations can be stacked to a double chamber system(

𝑧1
𝑧2

)
=

(
𝑅
√
𝑇atm

𝑉1 (𝑥 ) 0
−𝑅

√
𝑇atm

𝑉2 (𝑥 )
𝑅
√
𝑇atm

𝑉2 (𝑥 )

) (
¤𝑚L1
¤𝑚L2

)
. (4.22)

With this, the effect of all mass flows ¤𝑚v𝑖 , ¤𝑚L𝑖 and volume changes 𝑉 (𝑥) is summed up on ¤𝑃 in (4.20). For
this, ¤𝑚L1 and ¤𝑚L2 are calculated by using the flow model (3.49) (as used for the valve) but with a constant,
significantly smaller leakage area 𝐴m,𝑋=̂𝐴m,L𝑖 ≪ 𝐴max than that of the valve aperture.

Consequently, equation (4.22) computes the disturbances 𝑧1 and 𝑧2 (e.g., in Pa/s) based on the actual
leakages, ¤𝑚L1 and ¤𝑚L2 (e.g., in g/s). In particular, equation (4.22) takes into considerate the lossless forward
and backward transformation between ¤𝑚L and 𝑧.

Observer Design

In the following analysis shows that the observer resembles the dynamics of a first order Linear Time Invariant
(LTI) system with first order dynamics.

First, let us define the residual dynamics [269], [270] of the observer and the disturbance model to be

¤̂𝑧 = 𝑘o

( ¤̂𝑃 − ¤𝑃
)
, ¤̂𝑧 = 0, (4.23)

with the observer gain 𝑘o, see also Tab. 4.1. Estimated entries are indicated by □. ¤̂𝑃 denotes the estimated
chamber pressure

¤̂𝑃 = ¤̃𝑃 − 𝑧, (4.24)

which is composed of the ideal chamber dynamics 𝑃̃ from (4.21) and the estimated disturbance 𝑧. When
inserting equations (4.20) and (4.24) into (4.23), it follows that

𝑧 = 𝑘o

∫ 𝑇

0

( ¤̃𝑃 − 𝑧
)

dt − 𝑘𝑜
∫ 𝑇

0

( ¤̃𝑃 − 𝑧
)

dt︸                ︷︷                ︸
𝑌

. (4.25)

The expression 𝑌 in (4.25) can be substituted by the actual chamber pressure 𝑃 after applying an integration
of (4.20) over time. Consequently, the final observer form becomes

𝑧 = 𝑘o

∫ 𝑇

0

( ¤̃𝑃 − 𝑧
)

dt − 𝑘o𝑃, (4.26)

1A negative sign for 𝑧 is used as it is necessary for derivation of the disturbance observer and the signs in (4.29).
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or in more detail

𝑧 = 𝑘o

∫ 𝑇

0

(
𝑅
√
𝑇atm

𝑉 (𝑥) (𝛼in ¤𝑚in − 𝛼out ¤𝑚out) − 𝛼
𝑃

𝑉 (𝑥)
¤𝑉 (𝑥) − 𝑧

)
dt − 𝑘o𝑃, (4.27)

when inserting the nonlinear pneumatics model2 from (4.21).
The observer dynamics between actual and estimated error 𝑧 and 𝑧 can be analyzed by following the

approach from [270]. From (4.25), it follows that

𝑧 = −𝑘o
1
𝑠
𝑧 + 𝑘𝑜

1
𝑠
𝑧, (4.28)

when applying a Laplace transformation, with 𝑠 being the complex variable, and canceling out ¤̃𝑃. Obviously,
(4.28) can be written as

𝑧 =
𝑘o

𝑠 + 𝑘o
𝑧, (4.29)

which is a stable first order LTI low-pass filter or PT1 system. The cancellation of ¤̃𝑃 in (4.28) also shows
that the observer is not affected by external forces or friction.

Leakage Estimation

The simulations and experiments below investigate the ability of the observer structure for estimating
disturbances and leakages. In particular, two observers are required to estimate the leakage in a double
actuated cylinder.

The simulation in Figure 4.20a shows the observer response for two disturbance step inputs 𝑧1 and 𝑧2 (row
four). In this experiment, no leakage model is used. The system is driven in open loop control mode via a
sinusoidal voltage 𝑢 (row 1). As a result, a complex pressure evolution in both chambers can be observed
(row 2). At 𝑡 = 0.25 s and 𝑡 = 0.3 s, two step signals of 𝑧1, 𝑧2 until 𝑡 = 0.5 s and 𝑡 = 0.55 s are applied. Both
disturbances are estimated correctly with the expected dynamics (4.29) at high precision (row 4). Also, the
estimation quality is not affected by the varying force 𝐹 (row 3) that is present at the piston.

Fig. 4.20b shows a simulation with the leakage plant model (4.22), (4.20) and a leakage estimation of the
observer. The system runs in open loop control mode via two stepwise voltages. It can be observed that
the chamber pressures rise for non-zero voltages. When the voltage is 0 % and the pressures are higher than
the atmospheric pressure, a declining behavior can be recognized in the pressure (second row), which is
affected by the two leakages. Investigating the observer leakage estimation, it can be seen that the disturbance
is estimated correctly within the expected observer dynamics (third row). Additionally, 𝑧1 and 𝑧2 can be
transferred to ¤̂𝑚𝐿1 and ¤̂𝑚𝐿2 via (4.22), see the last row of the figure.

The experiment, depicted in Fig. 4.21, explores the capabilities of the observer to estimate leakages in
SI units under isolated conditions (without inflowing valve mass flows). Referring to Fig. 4.19, entrance II
is blocked with a plug. As chamber 2 is filled with air by activating the valve voltage, only leakage affects
the pressure evolution of chamber 1. An observer gain of 𝑘o = 50 is used. It can be noted that the sign
of ¤𝑚L1 changes according to the sign of 𝑃1 − 𝑃2. A maximum leakage of < 0.1 g/s can be observed. Due
to the small magnitude of the flow (< 0.1g/s), the validation with external measuring devices, such as flow
sensors, is difficult. Instead, ¤𝑚valid = ¤𝑚in is calculated based on (4.21) by differentiating low pass filtering 𝑃1
numerically (𝜔𝑐 = 25 1/s) and setting 𝛼mt = 1. Very similar results obtained by this validation step validate
the observer calculation.

2The other dependencies (3.49)-(3.51) are omitted for a better readability.
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Figure 4.20 Open-loop pressure disturbance simulation
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Figure 4.21 Experiment: Leakage observer for a single chamber, port II at Fig. 4.19 is blocked.
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4.2.5 Leakage Compensated Force Control

Figure 4.22 investigates the observer extended sliding mode force control, as depicted below. In particular,
Fig. 4.22 shows how the observer (4.27) can handle disturbances in closed loop control together with the
sliding mode force controller (3.55). The controller is derived according to the reduced order controller
from [81], but with 𝑧1 and 𝑧2 implemented in the approach.

Pneumatic
system

Sliding mode
force control
+ disturbance
compensation

𝑥, ¤𝑥, 𝑃1

𝑥, ¤𝑥, 𝑃2

𝑢

Disturbance
observer ch1

𝑧̂1

𝑧̂2

Disturbance
observer ch2

Figure 4.22 Sliding mode force control with disturbance compensation for chamber 1 (ch1) and chamber 2 (ch2)

The simulation in Fig. 4.23a shows how leakage influences the observer extended controller. Here, the
leakage model of (4.22), (4.20) is used in plant modeling. The observer compensation is active, however,
when switched off between 𝑡 = 0.3 s and 𝑡 = 0.7 s. When the disturbance observer is active, it can be
observed that the force is accurately tracked . If the observers are switched off and the estimated leakages 𝑧1
and 𝑧2 drop to zero, the desired force cannot be tracked accurately anymore. When the disturbance observers
are active, the controller returns again to its original performance.

The experiment, with the results shown below in Fig. 4.23b, is done according to the simulation in
Fig. 4.23a. In contrast to the latter, the origin of disturbances may be unmatched model parameters or
leakages. Prior to the experiment, the control gains were reduced until the sliding mode controller was not
able to track the desired force anymore (i.e., the observer was switched off). Figure 4.23b shows the control
performance of the observer-extended sliding mode controller, see Fig. 4.22. Clearly, the controller is able
to track the desired force, however, if the observers are switched off, between 𝑡 = 2 s and 𝑡 = 4.5 s), the
tracking performance decreases significantly, as shown in the simulation.
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Figure 4.23 Sliding mode force controller with disturbance compensation

4.3 Multi Joint Control

After analyzing the aforementioned pneumatic 1-dof system with actuator- and joint-level, multi joint
structures are investigated in the following section.
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4.3.1 2-dof Wrist

Figure 4.24 depicts the cascaded controller structure for the 2-dof antagonistic robot joint from Fig. 4.4. In
analogy to the 1-dof system, the system model is obtained by MDH-parameters following the approach from
Sec. 3. The transmission is based on the tendon Jacobian 𝑱t(𝒒) by deriving the extension function 𝒉(𝒒) from
(3.74). According to the 1-dof system, the 2-dof joint is actuated by force controlled pneumatic cylinders
for which both pneumatic modeling and force control are described in Sec. 3.3.3. The control scheme from
Fig. 4.24 shows the specific tendon mappings as conceptually introduced in Fig. 3.7.

Dynamic
simulation

integration

Inverse
kinematics

Robot modelWrist impedance controller

Quaternion-based
orientation

impedance control

Direct kinematics 
optimizationd/dt

Cylinder 1Force Ctrl

Cylinder 2Force Ctrl

Cylinder 3Force Ctrl

Tendon
orientation

Gravity
model 

 
Gravity
model 

 

Cartesian
actuator
mapping

b𝑨E,d (𝑡) b𝑴d

𝐹d1

𝐹d2

𝐹d3 𝑢3

𝑢2

𝑢1

𝐹3

𝐹2

𝐹1

𝑙1, 𝑙2, 𝑙3
b𝑨E

𝝉t
𝝉ext

𝝉g

𝒒

Figure 4.24 Control and simulation model for the 2-dof pneumatically controlled 3SPS-1RR robot

This system is controlled by a quaternion-based Cartesian-level impedance controller, see Fig. 4.24, and
derives from the concept in [250] and elaborated accordingly for the pneumatic systems. Furthermore, the
desired and current orientation of the end effector are represented by the quaternions Qd = 𝒇

(b𝑨2,d
)

and
Qe = 𝒈

(b𝑨2(𝒒)
)
∈ ℝ1×4. The actual orientation b𝑨2(𝒒) is obtained by the kinematics model (3.30) and the

joint angles by the optimization (3.61). The respective orientation error of the controller is expressed by

Qde = Q−1
e Qd =

(
𝜌̄ 𝜼̄

)
, (4.30)

consisting of a scalar and vector part 𝜌̄ ∈ ℝ1×1 and 𝜼̄ ∈ ℝ1×3, respectively. It yields Q−1 = −Q̄
∥Q∥2

, which
is the inverse of a quaternion using its adjoint Q̄. The desired torque b𝑴d in Cartesian coordinates of b is
obtained by the impedance control law

b𝑴d = 𝑲p(b𝑨2𝜼̄) + 𝑫p(𝝎 − 𝝎d) + b𝝉g, (4.31)

with b𝑴g being the gravitational vector expressed in base coordinates. This may be modeled as

b𝑴g = b𝑨2
2𝒓com × (𝑚 𝑗

b𝒈), (4.32)

where 2𝒓com is the COM, 𝑚 𝑗 is the mass and b𝒈 is the gravity vector. The desired moment is mapped to joint
coordinates by

𝝉d = 𝑱𝑇 (𝒒)
(
03×1
b𝑴d

)
(4.33)

and to tendon forces by (3.63). 𝑲p and 𝑫p ∈ ℝ3×1 are the positive impedance gain vectors for adjusting
rotational stiffness and damping. The task stiffness is 𝐾task =

𝜏ext
𝜖

≈ 1
2𝐾p,𝑖 for small angular deflections 𝜖

around the set-point Qd. For larger angles, the stiffness scales according to the nonlinearities of 𝑲p(0𝑨E𝜼̄)
in (4.31). 𝝎d denotes the desired wrist angular velocity. 𝝎 may be obtained by numerical differentiation.

Joint Angle Motion

The joint angle tracking capability of the system is investigated both in simulation and experiment, see
Fig. 4.25. The desired trajectory consists of a 5th-order polynomial with duration of 𝑡 = 0.3 s per motion
interval. Arbitrary combinations of 0 deg, ±45 deg are set to 𝑞1 and 𝑞2. The results show that the angular
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Figure 4.25 Orientation tracking for simulation and experimental device

position of the wrist is tracked correctly with a maximum control error ≤ 0.05 rad ≈ 3 deg for the simulation
and ≤ 0.1 rad ≈ 6 deg for the experiment, see row 2 of (a) and(b). Furthermore, it reveals that the desired
moment are very similar in magnitude for simulation and experiment, see row 3, underlying the quality
of simulation. The last row shows the underlying force control of the robot on the first cylinder. Again,
simulation and experiment are in good agreement. Still, in simulation shorter response times of the force
controller are observed, while in the experiment, higher control errors can be observed, which presumably
occur due to unmodeled effects.

Gravity Compensation

The gravity compensation controller is tested by mounting a 200 g payload to the end effector, see Fig. 4.26.
One can see that the weight is compensated by the robot in arbitrary configurations with no noticeable drift.

External Contact and Impact Robustness

The response of the wrist in a human robot interaction scenario can be found in Fig. 4.27. The system is
commanded to regulate a desired angle of 𝑞1 = 0 and 𝑞2 = 0. It is deflected from its set point by manual
interaction and then released (left column). The trends of 𝝉d and 𝐹d,1 follow the trend of the deflection. As
the system is relieved, all control states stabilize after 𝑡 = 0.4 s. The right column shows the system behavior
under the same conditions for an impact, see Fig. 4.27. The results appear to align with those of the previous
experiment. The system stabilizes itself 𝑡 = 0.3 s after the impact.



4.3 Multi Joint Control

57

-0.5

0

0.5

0 2 4 6 8 10

-0.5

0

0.5

(a) Exeperimental data (b) Experimental setup

Figure 4.26 Gravity compensation experiment
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Figure 4.27 Deflection and collision experiment

4.3.2 7-dof System Simulation

Finally, the simulation below examines the 7-dof pneumatic robot with the kinematics and rigid body
dynamics of the Franka Emika robot. With this, the feasibility of pneumatic actuation for soft and tactile
robots is investigated for a full robot. The simulations aim for presenting strengths, weaknesses, performance
and possible application scenarios. This severs the analysis of the strength, weaknesses, performance and
possible application scenarios of potential future systems.

Position Tracking

Two position tracking scenarios are investigated by the following figures. Figure 4.29 shows sinusoidal
joint position tracking, with the robot depicted above. Row 1 depicts accurate joint position following with
underlying joint torque control in row 2 and 3. Additionally, joint velocity, input voltage and chamber
pressures are shown for the fourth joint in row 4, 5 and 6. The utilized stiffness is 𝐾imp3 = 60 Nm/rad,
which was close to the highest working parameter set of the simulation. The last row depicts the Cartesian
error for three different joint stiffness values 𝐾imp1 = 10 Nm/rad, 𝐾imp2 = 40 Nm/rad, 𝐾imp3 = 60 Nm/rad.
Additionally, the stiffness 𝐾imp3,id = 𝐾imp3 instigates the Cartesian error by assuming 𝝉 = 𝝉d. The control
error in Cartesian space, see row 6, increases with lower stiffness values of 𝐾imp, ranging from ≈ 2 cm to
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≈ 6 cm. As a comparison, the ideal actuator assumption does not lead to a remaining error 𝐾imp3,id. This
means that the pneumatic actuator has a negative effect on the position accuracy.

Figure 4.31 shows a maximum speed test. The robot is commanded to follow a straight line in vertical
direction. The trajectory from row 1, with the respective acceleration from row 2, is applied to the robot.
Cartesian control is performed by an inverse kinematic solver, which provides suitable joint angles for the
Cartesian trajectory. Maximum Cartesian velocities of 1.5 m/s and acceleration of 3 m/s2 are achieved, as
depicted in row 2. Additionally, actuator information of the deflection angle in row 3, actuator speeds in
row 4, actuator voltage in row 5, actuator torque control in row 6, and chamber pressures are provided in
row 7, showing i) the accuracy in position, velocity and acceleration and actuator torque control and ii) the
evidence for the underlying pneumatic behavior.

Collision Behavior

Collision behavior of the simulated 7-dof system is investigated in Fig. 4.29 and Fig. 4.31. The former
shows the results of a ball drop test for three different joint stiffness values of 𝐾imp = {5 Nm/rad, 30 Nm/rad,
60 Nm/rad}, respectively. An animation of the experiment is depicted in the figure above. The ball has a
weight of 3 kg and is dropped from a height of 20 cm above the end effector. The underlying collision model
can be found in the Appendix A.1.2. Row 1 of the figure depicts the absolute external force being ≈ 200 N for
all stiffness values. Row 2 shows the joint deflection of joint 4 for all different stiffnesses. Clearly, deflection
increases with lower joint stiffnesses. The joint torque control shows that the slope of the torque control is
limited, possibly as the valves provide limited in- and outflow. Furthermore, the maximum simulated torque
of ≈ 50 Nm is lower than the maximum torque of the actuator. However, bearings and structure are not
considered. Also, no joint limit collisions occur, which means that the impact energy can be fully absorbed
by the controlled air chambers. Finally, the momentum observer is investigated in row 4. The impact torque
can be accurately estimated based on the pressure sensors.

Figure 4.31 investigates an intended collision with an obstacle, such as a table, for two different stiffness
valves, leading to ≈ 300 N contact force. For both stiffness parameters, the torque controllers and the
momentum observer can handle the impact. The good momentum observer performance in the presence of
noise in the pressure sensors (10 % full scale) is depicted in Fig. 4.36.

The final experiment, shown in Fig. 4.37, analyses the possible accuracy for a very shallow contact. For
this, it is expected that the robot is equipped with low friction cylinders (as already used with the other
pneumatic robot joints). Consequently, the joint torque measurement is expected to be of high quality. For
this, a small ball (300 g) is dropped onto the robot. Due to the combination of the small mass and the short
contact time, the observer output hardly rises up to 20 N. Note that the actual peak reaches ≈ 60 N.

These simulations reveal that the the 7-dof pneumatic robot achieves a high speed, impact robustness and
high precision when using the momentum observeration. The following section concludes this chapter.
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Figure 4.28 Trajectory tracking
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Figure 4.30 Fast vertical motion
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Figure 4.32 Ball drop for different joint stiffnesses
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Figure 4.33 Data of the ball drop simulation

Figure 4.34 Table collision for different joint stiffnesses
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4.4 Summary

This chapter utilized the modeling and control framework from Chapter 3 for a systematic transfer of
technologies from soft and tactile robots to pneumatics. The following contributions were made

• a systematic transfer of mechatronics and control methods from soft and tactile robots to pneumatics,
exemplarily researched for the proposed 1-dof, 2-dof and 7-dof kinematic structures,

• a biologically inspired concept for 1-dof and 2-dof robot joints by proposing a tendon-driven, muscle-
like actuation concept using force-controlled pneumatic cylinders,

• model-based controllers for joint impedance, joint torque, gravity compensation, unified torque/impedance,
contact loss, and external joint torque,

• observers for external joint torque and pneumatic-level disturbances such as leakages, including a
compensation scheme for sliding-mode force control by using the output of the pneumatic-level
disturbance observer applied to pneumatic robots, and

• a feasibility simulation of a 7-dof pneumatic lightweight robot with soft control methods, illustrating
future application scenarios of the pneumatic actuation technology.

These advances were achieved by a digital-twin-based simulation approach using the framework from
Chapter 3. This allowed for systematic development of model and controllers, such that the feasibility of
the systems could be validated in simulation before the devices were realized. Both simulation and control
confirmed the fast achievable actuator velocities (Fig. 4.7, Fig. 4.11, Fig. 4.31), fast response (Fig. 4.18),
accurate torque control (Fig. 4.15), backdrivability (Fig. 4.27) and impact robustness (Fig. 4.12, Fig. 4.33,
Fig. 4.35) of the pneumatically actuated robots. In this regard, the accurate torque control benefits from the
low friction cylinder, which is also expected to be a key enabler for precise momentum observer results. In
contrast, negative aspects were also observed, such as low precision (Fig. 4.29) and low stiffness (Fig. 4.8,
Fig. 4.29) in contrast to electromechanical systems in the simulation and experiment. While not all controller
combinations and test scenarios are applied to every system, the evaluated experiments are a significant step
for a successful transfer of soft and tactile robotic methods to pneumatic systems.
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5 Part II (The "Artificial Neuromuscular
Prosthesis")
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Figure 5.1 Development approach for the upper limb prosthesis

This chapter utilizes the framework from Chapter 3 for developing a novel upper limb prosthesis. Upper
limb prostheses are wearable robotic devices, which are attached to the human body, aiming to render the
natural functionality of a lost limb as close as possible at maximum robustness. As prostheses should reflect
certain properties of human body parts (e.g., in terms of weight, dimensions and appearance), the integration
of technical features and the realization of human performance is a significant challenge, and often a trade-off,
in the mechatronics design.

Related Work Following the state of the art, remarkable high-tech prostheses have been developed, which
achieved human-like size, weight [146, 149, 161], torque and kinematics[149], see Chapter 2. Still very rare
in transhumeral prostheses are a full 4-dof human-like kinematics from elbow to wrist, joint torque sensing,
as well as active compliance control1.

Paradigm This work proposes a holistic human-centered development paradigm as the next step for
developing the next generation of upper-limb prostheses. The goal of this approach is to design mechanical
structures, sensors, actuators, controllers and device intelligence in a systematic manner and based on core
functionalities of human neuromechanics. With such a paradigm, the resulting technology choices and
specific design details are not the result of a trail-and-error process, or a combination of proven existing
technologies, but rather the consequence of a superordinated design and synthesis process with minimal
numbers of iteration. The underlying hypothesis is that a human-inspired technical solution, developed by
this appraoch, would also provide more human-like behavior.

The importance for a novel paradigm may be better understood when looking at the human: the neuro-
muscular system stands out for its unmatched actuation in terms of high degrees of freedom, high-torque,
low friction and backdrivability. It provides numerous unconscious kinesthetic processes such as gravitiy
compensation and impedance adjustment, giving the human a feeling of body and contact awareness. For a
prosthesis user, all aforementioned natural functionalities are lost in case of an amputation. Thus, the goal
is a prosthesis that symbiotically integrates within the human body and resembles the natural functionality
of the human-neuromuscular system as close as technologically possible.

1Reported by only one system in [149]
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Approach In this work, a prosthesis is proposed, which recreates these natural features such as body
awareness, contact awareness, human-like kinematics and human-like contact response, which are further
described in Sec. 5.2. In this case, contact awareness may be understood as an artificial sense of touch
using proprioceptive sensor information. An exterioceptive sense of touch, i.e., an artificial skin, was not
yet considered for the ANP due to many unsolved challenges of the technology. Insights from human motor
control are integrated with the technology from soft, tactile and humanoid robotics, aiming for a human-
inspired mechatronic prosthesis design, see Fig. 5.1. This mechatronics concept is obtained by identifying
working principles of the human motor control system and by developing a corresponding technological
solution for upper limb prosthetics.

Mechatronic Device The resulting device is the Artificial neuromuscular prosthesis (ANP) mimicking
the human neuromuscular system in terms of body awareness, contact awareness, contact-response and
kinematics. Key features of the ANP mechatronics are i) torque controlled robot joints, ii) a 4-dof kinematics
from elbow to wrist and iii) an IMU, which measures the orientation of the device for internal real-time-
capable models. Based on that, the Artificial Neuromuscular controller is introduced, consisting of a floating
base dynamics, an extended momentum observer and a joint-level impedance controller.

These conceptual advances are accompanied by novel mechatronic development approaches, ensuring
additional features in a powerful human-size prosthesis. A gapless mathematical formualtion of the controlled
prosthesis, called sim2real-guided design, provides a detailed understanding of the prosthetic device and
is used for controller design, dimensioning and choice of components. Consequently, the prosthesis can
be adapted exactly to specified loads. Further advances in mechatronics are obtained by a remote tendon
actuation of the prosthesis wrist. Especially, the wrist is challenging in the mechatronics design due to the
three intersecting rotational axes. While conventional solutions are already hard to be integrated, the use
of remote actuation and sensing allows to fit torque controlled wrist joints within the human-like design
space. The prosthesis is developed in two prototypes, called prototype I and II, where the later one forms
the Artificial Neuromuscular Prosthesis (ANP).

The chapter is structured as follows. Section 5.1 deals with the analysis of the human body. Section 5.2
explains the design paradigm and Sec. 5.3 examines the design process of the prosthesis. The mechatronic
prototypes, including control methods are described in Sec. 5.5. The validation of the approach can be found
in Sec. 5.6. Finally, the chapter is concluded under Sec. 5.7. The chapter was written based on [17], [19].

5.1 Human Neuromechanics Analysis

Before describing the prosthesis development approach, key aspects of human biomechanics are elaborated
that serve several design choices as inspiration.

Elbow-Wrist Biomechanics: The human arm is generally characterized as having 3-dofs in the wrist
(F/E, R/U, P/S) and 1-dof in the elbow (F/E). Human muscles are able to generate relatively high joint
torques given their size and weight, which poses one of the main challenges to mechatronic prosthesis
design. Specifically, the static force-to-weight ratio of the human arm is around 4:1 vs. 1:1 for robotic
systems [271]. Human male joint torques from elbow-to-wrist are 40 Nm for the elbow (F/E), 9 Nm for wrist
(P/S), 15 Nm for wrist R/U and 11 Nm for P/S [272]. Average maximum speeds of typical human motion
(F/E, R/U, and P/S) are 144 deg/s for elbow (F/E), 156 deg/s for wrist (P/S), 108 deg/s for wrist (R/U) and
80 deg/s for (P/S)2. The lower arm constitutes up to an estimated 2 % of the human body weight and has a
length that is nearly 16 % of the human height [276]. Thus, the ideal transhumeral prosthesis weight and
length should be approximately < 2 kg and 25-30 cm for an adult male, while still achieving human-level
joint torques.

2This is the average velocity of all tasks and subjects from human arm data published in [273, 274, 275].



5.2 Design Paradigm

65

Motor Control: The human motor control system is characterized by relatively precise movement inde-
pendent of both body orientation with respect to gravity [277] and visual perception [278, 279]. Humans
are also able to perceive and to respond to contact forces, regardless of where along the body the contact
occurs. They can distinguish contacts by comparing expected and measured signals [280]. Furthermore,
human limbs exhibit accurate compliant behavior during physical interaction with the environment. In fact,
the muscle impedance can be modulated; a skill, which is used by humans for learning new motor tasks and
compensating for uncertainties [281, 279].

Neuromechanics: The musculoskeletal system is tendon-driven with very low friction and inertia [282,
283], which corresponds to high-performance backdrivability in mechanical terms. A multi-modal sensory
system provides a wide range of information about the external world and the state of the body, even without
considering the sense of vision, see Fig. 5.3 (left). Muscle spindles and the Golgi tendon apparatus, which
are integrated into the muscle fibers and tendons, respectively, provide sensory feedback on muscle length,
speed of stretching, and proprioceptive force. A wide variety of tactile sensors in the skin provide detailed
information about contact points, pressure, and texture. The vestibular system senses body orientation
relative to gravity.

In the Central Nervous System (CNS), the cerebellum, the primary motor cortex, and the spinal cord, are
mainly responsible for complex motor control and learning, including adaptation to novel dynamics [284].
It is believed that this is achieved by learning an internal (inverse) dynamics model of the self and of the
environment, which may be referred to as a “body image" [285, 286], see Fig. 5.3 (left). Thus, the human does
not rely on reactive feedback control only, but is able to deliver predictive feedforward motor commands
[287]. Internal models are also used to detect contacts based on proprioceptive sensory information by
comparing the expectation from the internal model with the measured signal [280]. Furthermore, human
motor control can be described as a form of impedance control [288, 281]. After describing the properties
of the human body, a corresponding artificial prosthesis with the aforementioned features shall be derived.

5.2 Design Paradigm
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Figure 5.2 Main Features of the Artificial Neuromuscular Prosthesis (ANP)

In this chapter, a novel prosthesis paradigm is introduced that is systematically inspired by the fundamental
design and control properties of the human neuromuscular system. In particular, the paradigm renders the
following four key properties of the human body, namely body awareness, contact awareness, human-like
kinematics and human-like contact response, see Fig. 5.2. Contact awareness may be understood as an
artificial sense of touch using proprioceptive sensor information. An exterioceptive sense of touch, i.e.,
an artificial skin, is not yet considered due to many unsolved challenges in the basic technology. As the
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proposed prosthesis renders these aforementioned features, it is denoted Artificial Neuromuscular Prosthesis
(ANP).

Its human-inspired design paradigm is grounded in sensors, actuators and controllers with direct biological
correspondence to the human body, see Fig. 5.3.
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Figure 5.3 Correspondences between human body and artificial prosthesis

It also builds on the concept of the body image [285, 286], which is mathematically speaking, the kinematic
and dynamic model that the human has of him/herself, see Fig. 5.3. For the ANP, an artificial body image
is proposed, which transfers this concept to the prosthetics field3. While the human can determine the body
orientation W 𝑨̂e over the spinal cord and limb kinematics e 𝑨̂b, the location of the ANP in space can be
obtained by the IMU orientation measurement using W 𝑨̂I. The device orientation is then used for computing
internal models.

Figure 5.4 depicts the state of the art in human motor control (left) and the corresponding mechatronic
solution for the ANP with human-inspired sensing, actuation and control methods (right).

In this work, the term body awareness is used to refer to the ability of the device to create an artificial body
image of the prosthesis kinematics and dynamics as part of the hybrid human/prosthesis body. For this, the
joint position 𝒒 and the base orientation W 𝑨̂b(𝝋b) are measured to compute model-based estimated forces
and moments 𝒖 = (𝝉̂g, F̂b)𝑇 , which act on the prosthesis for the contact-free case. Here, 𝝉̂g(𝝋b) denotes the
estimated model of gravity torque, and F̂b(𝝋b) denotes the estimated base wrench. Similar to the human,
body awareness is used to adjust the right joint torque 𝝉̂g(𝝋b) for holding the joints 𝒒 in position, regardless
of the prosthesis base orientation W𝑨b(𝝋b), and without using position feedback control. Body awareness
is extended to contact awareness by estimating the external wrench F̂ext and its effect on the joint torques
and the prosthesis base wrench, expressed by 𝒖∗ = (𝝉̂g + 𝝉̂ext, F̂b(F̂ext), F̂ext)𝑇 .

Based on these features, the device is equipped with an actively controlled human-like contact response
in the sense that the device is able to adjust its joint impedance from 0 Nm/rad up to ≈ 90 Nm/rad. While
conventional high-geared robot joints are hardly backdrivable, backdrivability of the human muscles is
emulated by using torque controlled robot joints (as reported in [28]) and exploiting their ability to render
arbitrary desired joint torques 𝝉d = 𝒇 (𝒒, 𝒒d, 𝝋b). Finally, the prosthesis is equipped with a 4-dof human-like
kinematics from elbow to wrist, rendering elbow (F/E) and wrist motion (F/E, R/U, and P/S).

As a consequence, the prosthesis is able to behave similar to a human limb in terms of i) body awareness,
ii) contact awareness, iii) human-like contact response and iv) human-like kinematics, see Fig. 5.2.

3In the following, the body image is denoted as body awareness and contact awareness for the contact-free and contact case.
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Figure 5.4 Mechatronics concept of the ANP derived from human biomechanics and control concepts. The left image
is a modified version from [289] and was extended accordingly.

5.3 Design Process

The design paradigm from Sec. 5.2 introduces new human-inspired features, and specifies the specific choice
of actuators, sensors and controllers. However, such a paradigm clearly increases complexity and makes
the design and integration of a wearable devices even more challenging for most mechanical solutions. For
this reason, a novel approach is required to enable the implementation of these features in a prosthesis with
human-like size and weight.

• The first enabler is the use of soft and tactile robotics technology. It allows for
– precise joint torque and joint/Cartesian position control,
– complex algorithms to render arbitrary artificial intelligence features,
– minimized mechatronics to mimic the fineness of human limbs.

• The second enabler is a sim2real-guided development process. With an increasing number of features,
the implementation of any additional feature becomes more and more challenging. For this reason, the
prosthesis is developed in a simulation-driven design process, using the framework from Chapter 3, and
exploiting the capabilities of the mechatronics, and tailoring the mechatronic components exactly to
the demanded operating conditions. So, only the minimum required space/weight is utilized, revealing
resources for more advanced mechatronic features, such as joint torque sensors. In addition, the digital
twin simulation also allows for faster kinematics, actuation, sensing and control iterations, helping in
designing an advanced robotic prosthesis.

Sim2real-Guided Design The sim2real-guided design process is shown in Fig. 5.5, where the specific
steps of the development process, including the flow of information, are depicted. Based on the initial
concept idea from Fig. 5.2-Fig. 5.4, the requirements of the prosthesis, i.e., functional requirements (𝐹),
technical requirements (𝑇) and specification (𝑆) are derived. Then, a conceptual approach of the system is
elaborated, which includes the kinematic, transmission, sensor and actuation concept. Based on that, a model
and control approach is developed and implemented in numerical simulation. This time-domain simulation
plays a key role in the sim2real-guided design process, as it provides information about the feasibility of the
control concept and about loads acting on components and structure. More specifically, test scenarios are
defined, which translate the requirements 𝐹, 𝑇 , 𝑆 into input trajectories, parameter sets, interactions and test
metrics 𝑀 for simulation and experiment. The simulation is considered successful if all conditions, referred
to as Condition1, are fulfilled for the full stack of test scenarios, see Fig. 5.5. For this, the full Artificial
Neuromuscular Controller, see Fig. 5.4, needs to work together with the plant model in the simulation.

The simulated controller should use the same interface, i.e., actuator commands and sensor readings,
as in the experiments. This is important as the ANP is a hybrid tenon/non-tendon driven system. While
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Figure 5.5 Single iteration ANP sim2real guided design process

joints 1 and 2 have to be controlled in joint-space, joints 3 and 4 are controlled in tendon-space. Non-
measurable information shall be calculated mathematically, if possible, via mappings, numerical solvers or
observers. For that, actuator coordinates, such as angles 𝒒a and torques 𝝉a, shall be transformed to joint
coordinates by {𝒒a, 𝝉a} → {𝒒, 𝝉J} and vice versa. The use of the same controller module for simulations
and experiments is an approach for dealing with system complexity by early fault elimination, module testing
and fast experimental control implementation. In the next step, the mechatronics design is elaborated. This
process includes the choice of suitable components, in particular, gears and motors, which provide sufficient
performance to realize all simulated values of 𝒒a, 𝝉a in the smallest possible design. For this, 𝒒a, 𝝉a are
compared to motor and gear data, which are provided by component manufacturers. After the component
choice, the prosthesis geometry is designed, validated and manufactured. The detailed mechatronic design
decision tree, denoted as Condition2, is explained in Appendix A.2.1. Finally, the prosthesis is systematically
evaluated experimentally. In the following, the specific requirements F, T, S are defined, based on which the
ANP was developed.

5.4 Requirements

Functional Requirements (𝐹) - Mechanics:

A transhumeral prosthesis with 3-dof wrist, without a hand is to be developed (𝐹1). In addition, a modular
hand shall be attachable at the wrist (𝐹2). The prosthesis needs to be wearable by both healthy subjects and
individuals with a transhumeral amputation. For healthy subjects, the device shall be attached at the center
of the upper arm (humerus) via 3D-printed components and Velcro fasteners (for testing reasons). For users
with a transhumeral amputation, the device should be worn by a stump interface in future versions (𝐹3).
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Functional Requirements (𝐹) - Control:

The device shall provide 4-dof motion control from elbow to wrist, which shall be realized by an active
compliance controller, controlling force/torque and motion (𝐹4). More specifically, the prosthesis shall
be capable of reproducing everyday real human motion data as close as possible (𝐹5). The joints of the
prosthesis should imitate human muscles in the sense of contact response, joint stiffness and backdrivability
(𝐹6). In gravity compensation, guidance of the device solely via interaction forces shall be possible (𝐹7).
The device shall be equipped with a mechanical body image/body awareness including the floating-base
kinematics and robot dynamics of the device. This should include the awareness of joint torques and base
reaction forces/moments at the prosthesis attachment affected by gravity and orientation (𝐹8). By this, the
ANP should be able to compensate its own weight during arbitrary operation (𝐹9). The device is to be
equipped with a contact recognition estimating the magnitude of the wrench distal from the wrist (𝐹10). With
this, the device is enabled to calculate the effect of the contact wrench on the prosthesis base and the residual
limb by providing base forces and moments (𝐹11). In addition, the device shall be equipped with a protective
control mechanism to a safe mode (e.g., to gravity compensation) if contacts induce too large base moments
(𝐹12). Reaching, grasping and placing objects of Activities Of Daily Life (ADL) shall be possible (𝐹13).

Technical Requirements (𝑇)

These functional requirements are further specified by the following technical requirements. The human-like
contact response shall be realized by joint torque controlled robot joints (𝑇1). This mimics the backdrivability
of human muscles if the desired torque is set to zero. Otherwise, they render arbitrary desired torques as
provided by an impedance controller or a gravity compensation. For that, the robot joints need to be
equipped with a torque sensor to provide appropriate measurement to the torque controller (𝑇2 to realize
𝐹6). Additionally, the prosthesis shall be equipped with floating-base gravity compensation, essential for
providing the body awareness (𝑇3 to provide 𝐹8, 𝐹9). Consequently, the prosthesis requires at least one IMU,
which must be implemented in the control cycle in order to provide spatial orientation measurement to the
floating-base gravity compensation (𝑇4). An active compliance controller shall be realized by joint impedance
control (𝑇5 to provide 𝐹6, 𝐹4). The underlying algorithm of the contact awareness shall be a generalized
floating-base momentum observer, enabling the measurement of external joint torques (𝑇6 to provide 𝐹10,
𝐹11, 𝐹12). In the following section, the technical solutions are introduced. Futhermore, specifications S are
listed in Tab. A.6 and Tab. A.7 in the Appendix.

5.5 Solution

Two prosthesis prototypes I and II were developed in this thesis, focusing on realizing the concepts from
Sec. 5.2 and the requirements from Sec. 5.4. As prototype I was developed under specific restrictions, not all
requirements could be fulfilled within this device generation, see Fig. 5.6. Nonetheless, soft and tactile robotic
capabilities could already be shown for the mechatronics concept of prototype I. Subsequently, prototype
II was developed based on the same mechatronics concept as prototype I, however, with a redesigned
mechatronics and more advanced control algorithms, then fulfilling the full set of requirements, see Fig. 5.6.
The following section describes,the mechanical design of the prototypes and the control algorithms.
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Figure 5.6 Development stages of prototype I and II

5.5.1 Prototype I

Prototype I was developed in direct continuation of the prosthesis µlimb [12], where the prosthesis µlimb
provides two degrees of freedom (i.e., elbow and forearm). The device also provides torque and impedance
control. Due to the still considerable high weight and large dimensions, in comparison to a human arm,
µlimb was not yet designed to be worn by a human. Instead, the device may be operated in two scenarios i) by
being mounted at a robot end effector of a lightweight robot, being the initial test system for an exoprosthesis,
or ii) by being placed in table top mode.

Figure 5.7 Mechatronic solution of prototype I with the modular hand (Softhand Pro 2)

Goals This first iteration was built with available mechatronics components from a cooperation partner.
This way the author was able to first complete a high performance iteration of the ANP. Some of the essential
design goals from Sec. 5.2 and Sec. 5.4 could already be implemented in prototype I. The main goal of
prototype I was to develop a design solution for an active torque-controlled human-like 4-dof kinematics,
including a 3-dof wrist, realized at about the same weight and dimensions as µlimb. For this, a wrist solution
had to be developed to fit into the available design space of µlimb. Similar to µlimb, prototype I was designed
as a stationary prosthesis and was not yet wearable.

Integration Philosophy In prototype I, the focus of improvement was mainly on the forearm and the wrist
module, with the help of the following integration philosophy: i) Develop specialized and custom-made
mechatronic actuator modules instead of off-the-shelf robotic ones to adapt to the available design space.
ii) Integrate multiple functionalities within a single mechanical component. With this, the mechanical
part may get more complex but the number of parts and attachment elements (also threads, screws and
consequently weight and size) are reduced. In this respect, the increased complexity in part geometries
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exploits capabilities of state-of-the-art CNC machines. iii) Consider complex three dimensional component
placement techniques, and tendon routings to fulfill the requirements. iv) Use remote actuation (such as
tendon-driven designs) to solve the wrist integration and torque sensor integration problem.

System Description The implementation of prototype I is depicted in Fig. 5.7, with CAD drawings
depicted in Fig. 5.8a and Fig. 5.8b showing the dimensions and coordinate frames used for the modeling and
control. The system consists of an elbow joint (1-dof), a forearm joint (1-dof) and a wrist module (2-dof).
A modular hand may be attached to the system, which is the Softhand Pro 2 [290]. The system is controlled
in real-time at 1 kHz using the EtherCat protocol with an EtherCat master running Matlab/Simulink 2017b.

Forearm and Elbow Elbow and forearm joints are depicted in Fig. 5.8a and Fig. 5.8c. The elbow of the
system consists of a torque-controlled, proprietary joint. The forearm joint is depicted in Fig. 5.8c, and is
custom made i) to decrease the required design space of the module in contrast to µlimb, and ii) to obtain
further design space for the wrist module.

Wrist The wrist consists of a kinematics module, realizing a 3SP̄S-1RR parallel kinematics, as described
in Sec. 3.4.3. There is also a drive-train module containing actuators and sensors, see Fig. 5.8d. The wrist
kinematics was already utilized in Sec. 4.3.1 using pneumatic cylinders. In the following, the principle of
the electromechanical wrist is described. Each of the three tendons and drive-trains are equally distributed
point-symmetrically along the longitudinal axis of the wrist by 120 degree. Each of the three tendons enter
an eyelet being transmitted by three pulleys (green), arranged in three dimensional space, to the driving
spool, see Fig. 5.8d. The tendon force 𝐹t is measured by a tendon force sensor via the resulting senor force
𝐹s based on an isosceles triangle (see Fig. 5.8d) with angle 𝛼 as

𝐹t =
𝐹s

2cos(𝛼/2) . (5.1)

The sensor is placed as close to the Eyelet as possible to reduce the influence of friction on the measurement.
The Spool is driven by a BLDC motor (BLDC) and a harmonic gear with a transmission ration of 𝑖g = 50.
The components of the harmonic gear consist of: a wave generator (WG), a circular spline (CS) and a flex
spline (FS), which are used in the configuration driving, driven, fixed, respectively. The flex spline is attached
to the housing by the flex spline connector (FPC). The FPC limits the minimum radius4 of the Spool 𝑟s, as
it goes through its hollow shaft. A BLDC drives the system. The motor rotation is measured by a magnetic
Position sensor. The wrist does not have any angular joint position sensors. Instead, the motor position and
the kinematics model are used for calculating 𝒒 in real-time. The tendon was optimized for a long endurance,
especially against wear. It consists of a Dyneema rope with a thickness of 2.5 mm and maximum load of
580 daN. All custom made components were made of aluminum EN-AW-7075 by Computerized Numerical
Control (CNC). Heavily stressed parts were optimized using Finite Element Analysis (FEA). The weight of
the wrist mechanics is 1.75 kg, its length is 228.6 mm, and its diameter lies between 96 − 133.6 mm. Motor
torque and current control are provided by the proprietary custom-made electronics.

4A smaller radius is beneficial for a higher output torque and thus maximum tendon force.



5 Part II (The "Artificial Neuromuscular Prosthesis")

72

Stump interface

Elbow joint

Forearm joint Wrist plate Wrist module Softhand Pro 2

(a) ANP exploded view. Alternative modular hands [291] are also compatible with the ANP.

13
0m

m

15
5m

m

631mm

402mm

180mm

57mm

60mm 68mm

(CS)b

(CS)1 (CS)2

(CS)3

(CS)4
(CS)𝑊

(b) Side and top view of the ANP with dimensions and coordinate frames.

Frame Position encoder

BLDC

Harmonic gearing

Excentric connector

Torque sensor

Bearing

(c) Forearm joint exploded view

Tendon

Eyelet

Pulley

Force sensor

Spool

FP

CS

WG

Bearing

BLDC

Position sensor

FPC

Spool

3 Tendons

3 Motors

RR Joint

3 Force sensors

Tendon force sensor

(d) Wrist module with sliced view

Figure 5.8 Design solution of Prototype I
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5.5.2 Prototype II - The ANP

Softhand Pro 2
(qb robotics)

"Artificial 
Neuromuscular

Prosthesis" (ANP)

Figure 5.9 Mechatronic solution of prototype II (ANP) with the modular hand Softhand Pro 2

In the following, the mechatronics of the prototype II, also denoted as ANP, is proposed, see Fig. 5.9. The
ANP continues the work of prosthesis I aiming to provide all requirements as described in Sec. 5.2.

Goal The aim of the ANP is to develop a wearable device with human-like size and human-like weight,
based on the same mechatronic approach of prosthesis I, i.e., elbow and forearm actuation with a two dof
tendon-driven 3SPS-1RR wrist, fulfilling all concepts and requirements from Sec. 5.2 and Sec. 5.4. The ANP
should provide the necessary hardware, i.e, sensors and actuators, for running the artificial neuromuscular
controller see Fig. 5.4.

Integration Philosophy For the ANP, the dimensions (diameter < 50 mm, length < 50 mm) and weight
(< 2 kg) are significantly reduced. For the ANP, new specialized components are chosen, based on the design
process from Sec. 5.3. Foremost, a new generation of i) custom-made, miniaturized, torque-controlled robot
elbow and forearm joints are designed for the ANP such that also more lightweight attachment mechanisms
could be designed suitable for prosthesis requirements. Also, the elbow and the forearm joint share the same
design to maximize development resources.

The drive-train of the wrist of the ANP is also redesigned, as the wrist design approach from prototype I
required excessive space, e.g., via the high number of pulleys, complex routings and excentric force sensor
placements. Finally, the motor electronics are integrated into the prosthesis and a hollow shaft design is
applied to ensure clean cable routing.

System Description The ANP consists of four active degrees of freedom as elbow (1-dof), forearm
rotation (1-dof), wrist (2-dof) and additionally a modular 1-dof hand Softhand Pro 2 [290]. Figure 5.10a
depicts an exploded view of the system. It consists of a robotic elbow joint and a forearm joint (of the same
size and type). Both are interconnected by a rigid structure and followed by the wrist module. Figure 5.10b
provides an overview of the system, its dimensions and coordinate frames.

Electronics In contrast to Prototype I, the electronics of the ANP is integrated within the structure. The
software and electronics architecture are depicted in Fig. 5.10f. A control PC (x86) runs the high-level
control routines on an Ubuntu 16.04 hard real-time system with Matlab/Simulink (MathWorks, MA, USA)
at 1 kHz. The control PC, which is the EtherCat Master, communicates with the actuators (EtherCat Slaves)
in real-time. Elbow, forearm and wrist run with individual, custom made Printed Circuit Board (PCBs) and
control software5. These provide PI-field oriented current control in a cascade with a P torque controller at
8kHz. IMU measurements are provided by the elbow and forearm electronics over the EtherCat protocol in
real-time, as well.

5These were not developed by the author.
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Figure 5.10 Design solution of prototype II (ANP)
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Finally, all actuator dofs provide motor-side joint position and link-side joint torque measurements. The
prosthesis desired joint motion 𝒒d, ¤𝒒d and joint stiffness 𝐾𝑖 of the ANP can also be set via UDP at a clock
cycle of 100 Hz. This allows control over a smartphone User Interface (UI) (for demonstration purpose),
sEMG, EEG or other suitable HMIs in the future. The following paragraph explains the mechanical design
of the ANP wrist and forearm/elbow in more detail.

Forearm and Elbow Elbow joint and forearm joint of the prosthesis are realized by the robotic actuator
from Fig. 5.10d. The actuator is custom made with specifications from Tab. A.7. A suitable BLDC motor
kit (𝜏m,N = 0.25 Nm, 𝑛m,max = 6000 1/min) and a harmonic gearing (𝑖g = 100, 𝜏g,max = 30 Nm, 𝑛g,max = 6000
1/min) is chosen by following the procedure from Fig. A.2 in the Appendix. Since the initial combination
of the smallest gear and the smallest motor did not lead to a feasible mechanical design, then larger variants
were chosen, which still could fit into the demanded forearm diameter, see Tab. A.6. As a consequence,
the maximum torque of the joint 𝜏m,N𝑖g ≈ 25 Nm is larger than the maximum simulated actuator torque
max(𝜏a(𝑡)) ≈ 8 Nm for lifting the simulated payload of 1.25 kg. The joint includes a custom made joint
torque sensor, see Fig. 5.10e, which was designed by FEA. It consists of five spokes inspired by the design
in [292, 293]. Four strain gauges were placed at the location of maximum positive and negative deflection
(red color), caused by compression and bending, on the upper and lower side of each spoke. Brakes are
deliberately left out from the design to save additional weight, though in the future it might become still
required due to safety reasons.

Wrist Figure 5.10c depicts the mechanical design of the wrist based on the kinematics shown in Fig. 4.2.
The advantage of such a design is the lightweight and space-saving joint design at the intersecting joints, as
torque sensing, position sensing and actuation are placed remotely. In contrast to the wrist of prototype I, i)
the number of pulleys are decreased, ii) the tendon routing is improved by a cage structure (to avoid slipping
tendons), iii) the placement of the tendon force sensor is improved (to be less excentric), iv) the wrist size is
significantly reduced and v) the weight of the ANP wrist is decreased to 25 % of the wrist of prototype I.

The wrist consists of three point symmetric actuator modules, each driving one of the three tendons,
respectively, see Fig. 5.10c. As the tendons enter the Eyelet, they are guided via two Pulleys at ax2 and ax3
to the Spool, see Figure 5.10c. A harmonic gear (𝑖g = 100, 𝜏g,max = 1.4 Nm, 𝑛g,max = 10000 1/min, no-load
starting torque 𝜏max = 3 mNm) drives the Spool (𝑟s = 3 mm) and amplifies the motor torque of the BLDC
(BLDC, 𝜏m,N = 10 mNm, 𝑛m,max = 10000 1/min) lying on axis ax0. According to Fig. A.2 in Appendix, the
smallest available gear variant with the highest gear ratio and the smallest motor available on the market was
chosen. The wave generator (WG), circular spline (CS) and flex spline (FP) of the harmonic gear are used
in the standard configuration driving, fixed, driven.

ax3

ax2

ax1

𝑙s
𝑙t

𝐹s

𝐹t
Bracket

Force
sensor
Lever

Pulley

Tendon

Figure 5.11 Lever mechanism for measuring the tendon force in the wrist module

The tendon force measurement is based on the novel mechanism shown in Fig. 5.11. A linear strain-
gauge-based Force sensor (𝐹s,max = 440 N) is located between a Bracket and a movable Lever. The tendon
force 𝐹t affects the resulting force 𝐹𝑠 = (𝑙t/𝑙s)𝐹t in the force sensor, where 𝑙t and 𝑙s are the distances from the
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bearing axis ax1 to the force 𝐹t and 𝐹s, respectively. A magnetic position sensor measures the motor angle
at the bottom of the BLDC, where low level Electronics for motor control and strain gauge amplification are
also located. The tendons are made of 0.4 mm thick Dyneema and provide a break force of 330-360 N. A
maximum tendon force of 170 N was measured.

5.5.3 Device Analysis

Fig. 5.12 compares all three generations, µlimb [12], prototype I and prototype II. µlimb and prototype
I share similar size, with the latter having two additional degrees of freedom in the wrist. Specifically,
the custom-made robotic forearm actuator of prototype I is significantly smaller with a length of 60 mm
compared to µlimb. A further significant reduction in diameter and length can be seen when comparing
µlimb and prototype I to prototype II. The table below lists the key features of the prostheses, showing the
progress in the development.

𝑞1

𝑞1

𝑞1

𝑞2

𝑞2

𝑞2

𝑞3

𝑞3

𝑞4

𝑞4

Prototype II

Prototype I

µlimb [12]60 mm

20 mm

Figure 5.12 Device comparison and evolution of µlimb [12], prototype I and prototype II (ANP) in CAD software

Table 5.1 Comparison of µlimb [12], prototype I, prototype II (ANP)

µlimb [12] prototype I prototype II (ANP)
Active dof (el-wr) 2 4 4
Weight [kg] N.a 4-5 1.7 + hand
Payload [kg] N.a. 2.5 1.25
Mechatronic approach 2x proprietary robot

joints
3x custom robot joints
+ 1x proprietary robot
joint

4x custom robot joints

Electronics Internal External Internal
Sensing Motor encoder, joint

torque sensor
Motor encoder, joint
torque sensor

Motor encoder, joint
torque sensor , IMU

Number of actuators 2 5 5
Kinematics RR RR+3SPS-1RR RR+3SPS-1RR

5.5.4 Modeling and Control

The prosthesis model is derived by the methods from Sec. 3, which is applicable to prototype I and II, as both
systems share the same kinematics. The serial kinematics of the prosthesis model is described by MDH,
see Tab. A.2 in the Appendix. These are used to derive fixed-/floating-base kinematic and dynamic models
of the prosthesis, see Sec. 3.1. The hybrid tendon-/non-tendon actuation of the prostheses is described by
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(3.56)-(3.63) using the approach (3.76) for the prosthesis. Actuator- and joint-level mappings, necessary for
modeling and control, are depicted in Fig. 3.9.

Soft Robotics Control All prostheses are equipped with control methods from soft and tactile robotics.
Prostheses prototype I and II are equipped with a fully fledged impedance controller (3.37), a floating-base
gravity compensation (3.34) and a floating-base momentum observer (3.40). Together with the body and
contact awareness, the Artificial Neuromuscular Controller is formed, see Fig 5.13.

Artificial Neuromuscular Control Prosthesis model
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Figure 5.13 Model and control structure of the ANP

Body and Contact Awareness As described in Sec. 5.2, body and contact awareness simulate the human
neuromuscular system in terms of proprioceptive sense of touch and body image. In the following, a quasi-
static simplified model is derived, which is then used for computing the contact wrench WFb between the
prosthesis and operator, and for computing external contacts WFext between the prosthesis and environment
based on proprioceptive measurements only. With this approach, only these two contact wrenches are
considered, see Fig. 5.2.

In a first step, W𝑭b and W𝑴b are calculated, see Fig. 5.14. For the contact-free case, these can be derived
by considering rows 1 to 6 from (3.20) and substituting (3.22) as

�����𝑴b,b(𝒒c)
�
�
�

(
¥𝒓b
¥𝝋b

)
+((((((
𝑪b(𝒒c, ¤𝒒c) ¤𝒒c + 𝒈b(𝒒c) =

(W𝑭b
𝜑𝑴b

)
+ 𝑷0𝑱

𝑇 (𝐶, 𝒒c)WFext. (5.2)

The transformation between moments in world coordinates and twisted coordinates is

𝜑𝑴ext = 𝑱𝑇𝜔
W𝑴ext, (5.3)

with the twist matrix 𝑱𝜔 , which is defined by (3.11) in the Appendix. The matrix

𝑷0 =
(
𝑰6×6 06×4

)
∈ ℝ6×10 (5.4)
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Figure 5.14 Approach for the wrench calculation between human and device

is sparse with binary entries to adapt the dimension of the Jacobian to only affect the base. Slow dynamics is
assumed in this work for the sake of simplicity. Specifically, the time derivatives ¥𝒓b, ¥𝝋b, ¤𝒓b, ¤𝝋b are considered
to be zero, leading to the quasi-static model(W𝑭b

𝜑𝑴b

)
= 𝒈b(𝒒c) − 𝑷0𝑱

𝑇 (𝐶, 𝒒c)WFext. (5.5)

The contact wrench WFext can then be estimated (for an arbitrary single contact point) via

WF̂ext =
(
𝑱(𝐶, 𝒒c)𝑱𝑇 (𝐶, 𝒒c)

)−1
𝑱(𝐶, 𝒒c)𝝉̂ext (5.6)

= 𝑱#
C(𝒒)𝝉̂ext. (5.7)

More advanced concepts for force contact point estimations may also be used [294]. Finally, the reaction
wrench is expressed in the base frame coordinates (in correspondence to a sensor) via( b𝑭b

b𝑴b

)
=

(
b𝑨W

W𝑭b
b𝑨W

(
𝑱𝑇𝜔

)−1𝜑𝑴b

)
. (5.8)

Practical remarks Equation (5.7) calculates a wrench with respect to an arbitrary point𝐶. However,𝐶 has
to be chosen carefully in order to allow a general usage of WF̂ext. Furthermore, not all components of WF̂ext
in any configuration of 𝒒c and 𝐶 may be computable due to singular configurations and numerical reasons.
For instance, if the contact point 𝐶 is chosen to be in the wrist (Fig. 5.10b, (𝐶𝑆4)) for 𝒒 = (0, 0, 0, 0)𝑇 ),
forces along the longitudinal axis of the prosthesis (W𝒆x) do not have any effect on the joint torque and
result in singular configurations. Furthermore, radial forces parallel to the ground (W𝒆y) do not have any
affect on the joint torques, also distorting the results. Consequently, a contact point could be chosen as
4𝒓C = (𝑘c, 0, 0)𝑇 with 𝑘c ≠ 0, and on a practical device as 𝑘c = 12 cm. Further model assumptions for the
prosthesis are described below.

In order to obtain the most stable results for the specific prosthesis kinematics and for showcasing the best
practical use for the device, the extended wrench is assumed to take the form

WF̂ext =
(
0 0 W𝐹̂ext,z 0 0 0

)𝑇
, (5.9)
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which considers the scalar contact force W𝐹̂ext,z to be parallel to the gravity vector. The assumption is not
mandatory and others may work as well. The equations

𝑱∗(𝐶, 𝒒c) = 𝑷1𝑱(𝐶, 𝒒c)𝑷𝑇2 (5.10)
𝝉̂∗ext = 𝑷2𝝉̂ext,c, (5.11)

represent any possible model assumption and are used for selecting submatrices of 𝑱(𝐶, 𝒒c) and rows of 𝝉̂ext.
𝑷1 is a selector matrix for the rows of 𝑱(𝐶, 𝒒c), corresponding to the components of WF̂ext. 𝑷2 is a selector
matrix for the columns of 𝑱(𝐶, 𝒒c), determining, which sensor information of 𝝉̂ext,c =

(
𝑭𝑇b ,𝑴

𝑇
b , 𝝉ext

)𝑇 is
used. The selector matrices in this case are chosen to be 𝑷1 = (0, 0, 1, 0, 0, 0) and 𝑷2 = (04×6, 𝑰4×4). Finally,
the estimated wrench is

W𝐹̂ext,z = 𝑱∗(𝐶, 𝒒c)#𝝉̂∗ext. (5.12)

The aforementioned limitations can be partly overcome by running multiple variants of (5.11) in parallel.
For instance, forces in the direction (W𝒆y) might be detected by using only 𝜏3. Another solution might be
an algorithm that analyses the structure for singularities in real-time for any given configuration of 𝒒c. It
then chooses the components of 𝝉̂ext and WF̂ext (by 𝑷1 and 𝑷2), which do not lead to numerical instabilities.
Another solution would be the implementation of suitable force/torque sensors along the structure or even
a full tactile skin, but other difficulties and challenges may arise therefrom. After proposing the control
concepts of the ANP, the next section focuses on the validation of the control concepts.

5.6 Control and Skill Validation

The following experiments validate the design paradigm from Sec. 5.2 and the technical features from Sec. 5.4
for prototype I and II, showing typical human-like behaviors such as body awareness, contact awareness,
human-like kinematics and human-like contact response on the prosthetic devices, according to Fig. 5.2. The
validation of technical features focuses on testing the underlying controllers, namely torque control, joint
impedance control, floating-base gravity compensation, and disturbance observation.

In the following section, first the basic mechatronic functionality of the prostheses, such as tendon
actuation and control, active compliance and gravity compensation, are examined. Thereafter, the more
advanced controller features such as body awareness and contact awareness are investigated. Finally, the
principle grasping capabilities of prototype II are shown by a human-in-the-loop experiment.

5.6.1 Tendon Actuation and Control

Figure 5.15 shows sinusoidal impedance control for prototype I, applied with and without the maximum
tested payload of 2.5 kg, depicted in the left and the right column. The first row of the plot shows working
joint impedance control when applying a sinusoidal joint motion to the joints. The second row shows the
underlying desired and actual joint torques at the wrist axes. It can be noted that even though the torque
is controlled in tendon space (row 3) via the tendon force controller and (3.58)-(3.63), the joint torque is
accurately controlled in joint space (row 2) .The maximum joint torques are ≈ 3 Nm and maximum tendon
forces are ≈ 180 N occur. It can be noted that a position error of up to 10 deg can occur in 𝑞2 in the payload
experiment. This is most likely affected by the control error in the force controller of 𝐹t1 due to difficulties
with controlling high forces.

Figure 5.16 repeats a similar experiment with prototype II, where the impedance control, torque control
and tendon force control appear to work properly. For prototype II, a maximum payload of 1.25 kg was
tested. A high pitch signal in 𝜏1 can be observed, which is caused by an unknown effect of the custom-made
robot joint. This effect induces vibrations, which however are not noticeable in the position signal 𝑞1. In
addition, the system shows the full 4-dof motion control.
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Figure 5.15 Sinusoidal joint tracking without and with payload of prototype I
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Figure 5.16 Sinusoidal joint tracking without and with payload of prototype II (ANP)
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5.6.2 Active Compliance

A handshake recording between the wrist of prosthesis I and a human is depicted in Fig. 5.17a. The
experiment shows that joint angles of up to 20 deg (row 1), motor speeds of up to 5000 1/min (74% of
maximum motor speed, row 2) and forces of up to 62 N (row 3) can occur, while the maximum torque does
not exceed 1 Nm (not depicted in the figure).

Figure 5.17b depicts joint stiffness for prototype II. In the experiment, a human applies a force at the
hand palm in vertical direction while the stiffness is varied from 𝑲imp,1 to 𝑲imp,2. The stiffness parameter in
this experiment is 𝑲imp,1 = diag{(15, 5, 5, 5)}Nm/rad and 𝑲imp,2 = 6𝑲imp,1. The figure shows that higher
deflections for 𝑲imp,1 than for 𝑲imp,2 can occur.
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Figure 5.17 Active compliance of prototype I and II

5.6.3 Gravity Compensation

Figure 5.18 illustrates a gravity compensation experiment with row one, showing the joint position, and
row two and three showing the joint torques. The gray areas in the figure denote intervals in which a
human changes the joint position by a contact wrench F̂ext of the ANP via interaction forces. With this
experiment, both the active backdrivability and the gravity compensation are showcased. It can be seen that
the system maintains its position in all white intervals, where no contact occurs, which can be explained by
the underlying joint torque controller and the active gravity models. It can be seen that the set-point of the
joint torque controller changes depending on the kinematic and gravitational model of the prosthesis. In the
following section, the body awareness is tested for the ANP.
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Figure 5.18 Gravity compensation of prototype II (ANP)

5.6.4 Body Awareness

The body awareness is demonstrated by a human interacting with the ANP, see Fig. 5.19. In this context,
the active backdrivability of the torque controlled actuators is also shown. During the experiment, only the
floating-base gravity compensation 𝝉d = 𝝉̂g(𝒒, 𝝋b), see (3.34), and the underlying joint torque controllers
are active. The first row shows the human tilting the base of the prosthesis, noticeably in the variation of
𝝋b. Additionally, the prosthesis joints are moved by an interaction wrench F̂ext in the gray areas of the
figure. Column three shows that ¤𝒒 ≈ 0 for the contact-free case, even though 𝒒 and 𝝋b are varied and 𝒒
is not actively controlled via e.g, joint position control. Still, 𝒒 can be changed by an interaction wrench
F̂ext, making the system backdrivable by active control. The reason for this behavior can be understood
by looking at 𝝉̂g(𝒒, 𝝋b) in row four and five. Row six shows the output of the momentum observer
𝝉̂ext, which contains the same floating-base model. 𝝉̂ext remains essentially constant despite the change
in 𝒒 and 𝝋b, which shows the goodness of the applied floating-base model. However, an error of about
0.4 Nm > 𝑒𝜏,max = 0.1 Nm can still be observed in 𝜏ext1 being larger than the admissible error 𝑒𝜏,max, which
indicates a static model inaccuracy above the admissible error6. The goodness of the backdrivability is
quantified by looking at row seven, showing the exchanged energy between human and device. At 𝑡 = 5 s
the exchanged energy is 0.4 J for deflecting the joints by Δ𝑞1 ≈ 20 deg and Δ𝑞3 ≈ 20 deg. In comparison,
an impedance controlled system with a stiffness of 10 Nm/rad would have stored a maximal energy of
𝐸imp = 2×0.5×10× (20×𝜋/180)2 = 1.22 J. The last two rows show the model-based base wrenches, which
change in dependency of 𝝋b, see Fig. 5.19. The black dashed line shows the pure gravity model, while the
colored lines are equipped with the estimation from (5.5), (5.8) and (5.12) using the momentum observer
𝝉̂ext. Thus, the system from the figure is also equipped with a drift-free contact awareness, here applied in
the contact-free case. As contact and body awareness are almost equal (black and colored lines), a correct
model estimation is obtained.

Figure 5.20 shows a visualization of the body image as used for the floating-base kinematics and dynamics
model. The figure also shows the output for the floating-base model in N and Nm at the joint axes, the
base wrench and the external wrench. Also, it appears that the kinematics model generally conforms
to the associated experimental photos. The floating-base kinematics model depends on motor encoder
measurements and IMU data. The proprietary IMU provides a full rotation matrix.

6It will be shown in Fig. 5.21 that this error is comparably small in a contact situation.
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Artificial body image

Figure 5.20 Visualization of the real-time-capable artificial body image as used for the floating-base model
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5.6.5 Contact Awareness

Contact awareness of the ANP is used to estimate the contact force W𝑭ext by a human, see Fig. 5.21. Two
amplitudes of 𝝉̂ext ≈ 5 Nm can be observed in column two, which are due to the contact. The observer torque
𝝉̂ext is utilized for estimating the external force W𝑭ext in row one by (5.7). Based on this, the effect on b𝑭b
and b𝑴b is calculated by (5.8). Therefore, the contact force detection and the estimation of base forces in
the contact case can be confirmed as properly functioning.
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Figure 5.21 Investigation of the contact awareness via an external interaction force

Finally, contact awareness is used for monitoring the stress induced in the prosthesis base and for reacting
with a protective control mode switch, see Fig 5.22. In the first experiment, see Fig. 5.22a, the prostheses
are programmed to move from 𝑞1 = 0 to 𝑞1 = −𝜋/2. Due to obstacle presence, a collision occurs. The
methods for body and contact awareness are used to calculate 𝑴b. 𝑴b increases up to 11 Nm, which may be
harmful for a prosthesis user. The experiment is repeated with activated collision detection and reaction, see
Fig. 5.22b. After the prosthesis collides with the surface, the base moment b𝑴b exceeds the given threshold
𝑟th = 4 Nm. As a consequence, a control switch from joint impedance control to a safe gravity compensation
is initiated. The base wrench reduces to b𝑴b ≈ 3 Nm, corresponding to the initial gravity moment only.
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Figure 5.22 Contact response strategies comparing pure compliance control and contact awareness

5.6.6 Grasping

Smartphone Interface

The overall grasping human-commanded capabilities of prototype II (ANP) are validated by two human-
in-the-loop experiments. Furthermore, the functionality of the the novel 4-dof kinematics is investigated,
particularly how such a kinematics fulfills a chosen set of daily grasping tasks. The prosthesis is controlled
by the user via a Graphical User Interface (GUI) on a smartphone, see Fig. 5.23.

The experimental procedure is as follows: Four different objects of daily use are placed on a table,
specifically, i) a can of tomatoes (250g), ii)a can of tuna (125g), iii) a bottle of water (500g) and iv) a glass
(300g). The prosthesis operator is then asked to place the objects at different locations using the smartphone
interface. The objects must not be in contact with other body parts and the contralateral hand must not be
used to support the prosthesis. The task is to move all objects from the top of the table to the middle level
of the shelf, and then to move all objects from the middle level of the shelf back to the top level of the
shelf. By varying placement levels and objects, the operator needs to use all available dof of the prosthesis.
Figure 5.24 depicts 12 different grasping cases of the experiment showing the grasping capabilities for
different situations. The rows depict the experiments with varying objects (i.e., i) tomato can, ii) tuna can,
iii) water bottle and iv) glass). The columns show the different locations (i.e., i) table top, ii) middle level
of the shelf and iii) upper level of the shelf). The figure also shows the wide variety of configurations,
which exploit the 4-dof human-like kinematics. Experimental data for a chosen grasping task is depicted in
Fig. 5.25, showing the measurement of 𝝋b, 𝒒 and the hand, and the intervals of the grasping process.

Kinesthetic Guidance

A final grasping experiment is depicted in Fig. 5.26, where the hand of the prosthesis is guided to the object
via interaction forces in floating-base gravity compensation. This is in lieu of using the impedance controller
and the smartphone GUI. The related data depicts the guidance, control switch and grasping for this control
mode.



5.6 Control and Skill Validation

87

Smartphone Joint control

Hand control

Stiffness control

Graphic User Interface

Attachment

shelf

Table Prosthesis

Figure 5.23 Experimental setup including the ANP attached to an unimpaired user.
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Figure 5.24 Grasping validation for differ grasping poses using the Softhand Pro 2
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5.7 Summary

This chapter utilized the modeling and control framework from Chapter 3 for extending the state of the art
in upper limb prosthetics. The main contributions are

1. a human-inspired design pardigm for actuators, sensors, controllers and device intelligence implemen-
tation in upper-limb prosthetics,

2. the methods and technology transfer from soft and tactile robotics, including modeling, control and
mechatronics, to upper limb prosthetics,

3. a sim2real-guided digital twin development approach to handle a complex from-scratch robotic pros-
thesis development,

4. the first prosthesis, which is able to imitate the human neuromuscular system in terms of body
awareness, contact awareness, human-like contact response and human-like kinematics.

5. the Artificial Neuromuscular Prosthesis (ANP) system, with 4-dof human-like kinematics, fully fledged
joint torque control, impedance control, floating-base model compensation and momentum observer-
ation with contact detection monitoring algorithm at human-like size and weight of 1.7 kg.

These advances were achieved by an analysis of the human body and the state of the art in soft and
tactile robotics. Based on these, the novel prosthesis paradigm was elaborated, which i) allowed for a
corresponding human-inspired actuator, sensor and device intelligence design principle ii) and allowed for
generating human-like behavior. Requirements for functional, technical features and specification were also
defined. This includes the proposal for applying a detailed technical concept for an upper-limb prosthesis
to replicate key functionalities of the human neuromuscular system. The challenging complexity of the
development was addressed by a sim2real-guided design process. For this, a digital twin simulation of the
prosthesis was constructed for the design of the controllers, device intelligence, load simulation, the design
of geometries and the choice of sensors and actuators. Two prosthesis mechatronic solutions, prototype
I and prototype II (ANP), were proposed for fulfilling the aforementioned requirements and concepts. A
tendon-driven wrist, consisting of a hybrid tendon-/non-tendon-driven structure with parallel 3SPS-1RR
kinematics, was developed. This allowed for i) fitting the wrist kinematics inside the dimensions of a human
arm, and for ii) implementing joint torque sensing. During the development of the kinematics model and
controller, the framework from Chapter 3 was extensively utilized.

While prototype I was developed for a first paradigm validation, prototype II was designed to incorporate
all key features, specifications and requirements, with a from-scratch, lightweight, wearable design. Finally,
control and skills of the devices were shown in experiments to validate control features, such as impedance
control, torque control, and floating-base gravity compensation. In addition, the more conceptual features
such as body awareness, contact awareness, human-like contact response were also successfully validated.
Finally, the human-controlled and kinesthetically-guided grasping capabilities of the prosthesis could be
confirmed with an unimpaired user.

Next steps in such development should focus on testing the developed prosthesis with impaired users. For
a subsequent clinical analysis, however, another device iteration is likely required to incorporate necessary
battery and computation into the device.
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6 Part III (The "Exoprosthesis")

Applying the prosthesis technology from the previous chapter, this chapter introduces a novel method for the
attachment of upper-limb prostheses to the human body. This is realized by a shoulder exoskeleton. Being
inspired by a first concept of a robotic prosthesis attachment [12] and the patent [13], various technologies
from tactile robotics (Sec. 2.1), prosthetics (Sec. 2.3), exoskeletons (Sec. 2.4) and passive sockets (Sec. 6.1)
are combined to develop a technical concept of an active robotic socket, see Fig. 6.1. These features are
then realized by the control framework from Chapter 3, providing a toolbox of structures and transmission
models and related controllers. Based on the mathematical description, a new device, denoted exoprosthesis,
is developed. The belonging investigation includes a multi-body simulation for analyzing the feasibility and
the reaction loads of such an exoprosthesis device.

Tactile
robotics

Technical
concept

Design
framework

Robotic
prosthesis
attachment

Exo-
prosthesis

device

Features

Prosthetics Passive sockets

Active socket

Exoskeletons

Feasibility
analysis

Chapter 3

Figure 6.1 Development approach for the upper limb prosthesis

The exoprosthesis may be classified as a wearable robot. The design goals are somewhat different from the
lightweight robots. Most notably, a wearable robot requires special consideration to attachment wrenches,
COM and inertia to ensure ergonomic comfort for the user. The mathematical framework from Chapter 3
is utilized for the mechatronics development and the ergonomic analysis (in terms of COM and interaction
wrenches).

State-of-the-art upper limb prostheses are commonly attached to the human residual limb by a passive
socket, which comes along with several challenges. Reaction wrenches occur in the attachment point between
the prosthesis and residual limb, which may be harmful for the human. This wrench may be visualized by a
straightforward experiment, see Fig 6.2.

According to the state of the art, a prosthesis may either be attached to the human by a socket or a more
recent method called Osseo Integration (OI). While OI requires surgical intervention, an attachment via a
prosthesis socket is reported to be unpleasant for the prosthesis user [295]. In this work, a third option is
introduced. An active tactile robotic socket carries the prosthesis, offloads the residual limb and allows a
tactile guidance via small interaction forces at the same time. The feasibility of this concept is verified by a
tactile and wearable shoulder exoskeleton, called an exoprosthesis when combined with a prosthesis. A first

Prosthesis35 ◦

Figure 6.2 Problem: High reaction stress and deflection in the prosthesis attachment affected by gravity
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mechatronics prototype, two floating-base controllers and an analysis of the loads acting on the user body is
provided.

The contributions of this chapter include

• The first hardware realization of a wearable exoprosthesis consisting of shoulder exoskeleton and
transhumeral prosthesis;

• The first body-aware prosthesis socket controller, which includes a floating-base gravity compensation
and joint impedance control to compensate for trunk rotation, realized by a monolithic and modular
control approach;

• A simulation-based and experimental comparison of residual limb and pelvis loads between a tradi-
tional prosthesis and the exoprosthesis;

• A full feasibility test of the exoprosthesis for a set of real-wold grasping tasks.

The chapter is structured as follows. Section 6.1 presents common solutions and challenges in passive
sockets. Section 6.2 introduces and explains the novel active socket paradigm. The chapter was written
based on [18].

6.1 Passive Socket

While significant advancements were made in prosthesis design and functionality over the past decades, the
socket remains a source of safety risks, considerable discomfort and a major reason for prosthesis rejection
[295, 296, 297]. This is especially true for individuals with proximal amputations. The socket provides
the interface between the rigid prosthesis and the amputee’s soft tissue. It is responsible for stability and
load transmission to the device [298]. The mechanical stresses generated at the stump interface include
compression, adhesion, and shear stress combined with poor ventilation and sweating. This inherently leads
to soft tissue irritation, often resulting in skin wounds and pain [299, 300]. This problem has been approached
from the perspective of various disciplines. For example, Osseo Integration (OI) is a surgical alternative to a
prosthetic socket that is currently under investigation. For OI, the prosthesis is directly anchored to the bone
via an implant that exits through an opening in the stump [301, 300]. This invasive method poses a number
of risks, including superficial and deep infection [301]. However, it has found positive feedback from test
subjects [302], indicating that there is indeed a strong need for alternatives. In particular, less invasive,
however more comprehensive prosthesis options are also explored, as they may have the potential to increase
the usage safety and decrease the rejection of upper limb prostheses at the same time. The following section
introduces the active prosthetic socket.

6.2 Active Socket

While state-of-the-art prostheses are generally attached to the residual limb of the user by a passive socket, see
Fig. 6.3 (left), an unnecessarily large reaction wrench FR often occurs. This wrench is not only unpleasant
but also potentially harmful to the prosthesis user. This problem shall be addressed by an active socket,
which carries the prosthesis by an actively controlled gravity compensated exoskeleton, reducing the size of
the wrench FR and enabling direct guidance of the prosthesis via minimized interaction forces, see Fig. 6.3
(right). Consequently, the device targets for increased user comfort when wearing the upper-limb prosthetic
device, measured by the interaction wrench FR.

6.2.1 Technical Concept

The exoprosthesis prototype was developed based on the functional requirements summarized in Fig. 6.4
(left). Based on these requirements, technical features of the first generation prototype were elaborated, see
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Figure 6.3 Concept: Description of the exoprosthesis concept

Fig. 6.4 (right). In order to better understand the design approach, key points of this approach are highlighted
below.

The prosthesis is carried by the exoskeleton such that the residual limb can guide the system by small
interaction forces FR. In case of a one-sided amputation, the exoskeleton and prosthesis are unsymmetrical
with respect to the sagittal plane of the human. The prosthesis system is prone to provide an excentric COM,
and consequently, provides an unpleasantness or even unergonomic user experience. With the aim of finding
a better ergonomic solution, the following requirements are defined. The moment 𝑴pv,z at the pelvis needs
to be zero and the forces 𝑭pv,z at the pelvis should be minimized. This is achieved by i) a passive actuation
in the first shoulder joint, ii) a remote placement of the actuators on the contralateral side of the human body
and iii) Bowden cables, which transmit the torque from the actuators to the exoskeleton joints, see Fig. 6.4
(right). The mechatronics concept includes torque controlled actuators and an IMU to measure the spatial
orientation of the device. Consequently, the exoskeleton utilizes mechatronics and control methods common
to soft and tactile robots. This device utilizes the torque controlled actuators as AAL and the Bowden-cables
driven mechanism from Fig. 3.11 as TAL. The transmission scheme of the whole exoprosthesis may be found
in Fig. 3.15.

The following section evaluates the mechatronic solution of this first generation prototype in detail –
particularly, the design of the prototype, the human-in-the-loop model for analyzing the multi-body-structure,
and the control methods of the exoskeleton.

6.2.2 Exoskeleton Prototype

The resulting design of the wearable exoprosthesis, including the front and back view, is depicted in Fig. 6.5.
The device consists of a three degrees of freedom shoulder exoskeleton with one passive (𝑞1) and two actively
controlled joints (𝑞2 and 𝑞3). The exoskeleton mimics the human shoulder kinematics with three intersecting
axes approximately coinciding with the glenohumeral joint of the shoulder. An additional passive slider 𝑎
is implemented in the attachment of the residual limb to address kinematic mismatches between the human
shoulder and the exoskeleton, see Fig. 6.5. The upper arm of the exoskeleton connects to the human residual
limb via a mechanical interface. This connects the human to the device using a 3d printed Shell and Velcro
fasteners, see Fig. 6.6.

Figure 6.6 depicts an exploded view, showing how the components Arc0, Arc1, Arc2, spring and upper
arm of the exoskeleton are assembled. For typical every day motions/orientations, joint 𝑞1 of the exoskeleton
was designed to be passive in order to reduce weight, as gravity has a rather low effect on the joint, see
Fig. 6.5. A magnet encoder measures the joint position of 𝑞1. Bowden cables transmit power between robotic
actuators and the exoskeleton joint 𝑞2 and joint 𝑞3. A downside of the Bowden cables is that a disturbing
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Figure 6.4 Functional requirements and features of the 1st generation prototype exoprosthesis ExoPro Gen I

torque on the passive joint 𝑞1 is induced, as Bowden cables have an inherent compliance. This problem is
addressed by a lightweight 3d printed mechanical torsion centering spring, which counteracts the inherent
stiffness of the Bowden cables, see Fig. 6.6. The exoskeleton can be adjusted in all relevant directions to be
suited for individual body dimensions, see Fig. 6.5. The arc elements were designed to be non-adjustable
to avoid weakening of the structure. The system is built up on a backplate. Consequently, the device can
be worn similar to a backpack. A counter weight with an adjustable slider helps to manually fine tune the
COM. Figure A.4 in the Appendix shows how the COM could be successfully placed on the sagittal plane.
The prosthesis, modularly attached to the exoskeleton, is described in Chapter 5.

The mechanical realization of the drive-train is depicted in Fig. 6.7. The system consists of a driving
spool that is driven by a robotic actuator, and a driven spool that transmits the torque to the exoskeleton
joint. Both spools are interconnected by two Bowden cables using belt-like kinematics. The Bowden cable
consists of an outer pipe and an inner steel wire.

A custom made robotic actuator drives the system. While one side is attached to a fixation, the other side
is connected to the driving spool. It contains a custom made, strain gauge based torque sensor (based on
a design with 5 spokes, see Fig. 6.7, similar to [244]), a harmonic gearing (𝑖 = 120), a brushless dc motor
(𝜏𝑚 = 500 mNm), a magnetic motor-side position sensor and custom made electronics. The electronics1

include custom developed current and torque controllers.

It is apparent that torque sensing and torque control are located at the robotic actuator while the output
torque is required for the exoskeleton joint ax2. Thus, Bowden cables are utilized for transmitting torques
for measurement and actuation. This design choice was made intentionally, despite the friction produced by
the Bowden cables. It constitutes the trade off between friction or higher complexity and weight/inertia that
would be created by torque sensing directly at the exoskeleton joints. Another striking benefit of the Bowden
cables are their ability to bypass complex kinematic structures, i.e., the exoskeleton shoulder kinematics in
this case. The system is powered at 24 V and controlled by a real-time computer running a Linux real-time
kernel together with Matlab/Simulink and the EtherCat protocol at 1 kHz. In the following section, the
exoprosthesis is further analyzed via a multi-body simulation.

1Not developed by the author.
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6.2.3 Exo-Human-In-The-Loop Model

The exoskeleton of this work is built based on serial kinematics floating-base sub systems. With the
foundation of a floating-base model from Sec. 3.1, the sub systems are introduced. This work incorporates
four different serial kinematic systems, i) exoprosthesis, ii) exoskeleton, iii) human and iv) prosthesis, which
are derived utilizing (3.1) to (3.22). The kinematic properties of the systems are based on MDH parameters
[248], see Tab. A.4 in the Appendix. From here on, the nomenclature from Sec. 3.1 is subsequently applied
□□=̂□□X (e.g.,W 𝒕b=̂

W 𝒕be).
Now, a floating-base multi-body plant model of the exoprosthesis with human attachment is assembled,

see Fig. 6.8 (left). For this, the model of exoprosthesis with subscripts (e) and (h) from Tab. A.4 with human
attachment are analogous to (3.20)2 as(

𝑴e 0
0 𝑴h

) (
¥𝒒ce
¥𝒒ch

)
+

(
𝑪e 0
0 𝑪h

) (
¤𝒒ce
¤𝒒ch

)
+

(
𝒈e
𝒈h

)
=

(
𝝉e + 𝝉ext,e
𝝉h + 𝝉ext,h

)
. (6.1)

2The dependency of 𝒒ce and 𝒒ch is omitted for better readability.
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Up to this point, the systems from (6.1) are still decoupled.
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Figure 6.8 Comparison of models "Exoprosthesis+Human" and "Prosthesis" depicting spring-damper systems for
mutual attachment associated coordinate frames

Figure 6.8 (left) depicts how the coupling between human and exoprosthesis are modeled as spatial spring-
damper systems, corresponding to wrenches WFR, WFeh and WFhw. Here, the subscript (R) denotes the
wrench at the residual limb, (eh) the wrench between exoskeleton and human and (hw) the wrench between
human and world. These are projected to generalized forces 𝝉ext,e, 𝝉ext,h as(

𝝉ext,e
𝝉ext,h

)
= . . .(

0 𝑱(be, 𝒒ce)𝑇 𝑱(Re, 𝒒ce)𝑇
−𝑱(bh, 𝒒ch)𝑇 −𝑱(bh, 𝒒ch)𝑇 −𝑱(Rh, 𝒒ch)𝑇

) (WFhw
WFeh
WFR

)
. (6.2)

The wrench WFR acts between the coordinate frames W𝑻Re and W𝑻Rh, the wrench WFeh between W𝑻be and
W𝑻bh, and the wrench WFhw between W𝑻bh and W𝑻bh,d. Here, W𝑻Re and W𝑻Rh are the coordinate frames at
the residual limb for exoskeleton and human side. W𝑻be and W𝑻bh are the base frames for exoskeleton and
human, respectively. W𝑻bh,d is the desired human base frame.

The floating-base Jacobians 𝑱(be, 𝒒ce), 𝑱(bh, 𝒒ch), 𝑱(Rh, 𝒒ce) and 𝑱(Re, 𝒒ch) in (6.2) are based on the
transformation matrices W𝑻be and W𝑻bh from (3.3), the approach (3.9) and

W𝑻Rh = W𝑻bh
bh𝑻3h(𝒒ch)3h𝑻Rh (6.3)

W𝑻Re =
W𝑻be

be𝑻3e(𝒒ce)3e𝑻Re. (6.4)

The transformation matrices 3e𝑻Re and 3h𝑻Rh, expressed in frame 3 of the exoskeleton and human, locate the
contact frame for both systems at the residual limb, respectively. It yields 3h𝑻Rh = 3e𝑻Re =

3𝑻R with

3𝑻R =

©­­­«
1 0 0 𝑎4/2
0 1 0 0
0 0 1 0
0 0 0 1

ª®®®¬ , (6.5)

where 𝑎4 is an MDH parameter, see Tab. A.3 in the Appendix. bh𝑻3h and be𝑻3e are derived from the serial
kinematics, using the MDH parameters, as listed in Tab. A.4 and Tab. A.3 in the Appendix. Given all
transformation matrices, the particular Jacobians can be derived by (3.10) accordingly.

The detailed spring-damper systems for WFR,WFeh and WFhw connecting the sub-systems are described
in Sec. A.3.1 in the Appendix. The prosthesis and human are modeled as serial kinematics and designed
accordingly, using Tab. A.3 and Tab. A.4 in Appendix. In the following section, two suitable controllers for
the exoprosthesis are proposed, which allow for directly guiding the exoskeleton via interaction forces.
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6.3 Active Socket Control

Two exoprosthesis controller variants, namely the monolithic and modular prosthesis socket control, are
proposed, see Fig. 6.9. These variants enable a guidance of the prosthesis socket by gentle interaction
forces at the residual limb, while the prosthesis is controlled by a joint impedance controller. The basic

Monolithic socket control Modular socket control

Rigid 
connection

F̂C

F̂C
(W𝑨b, 𝒒E

)
F̂RF̂R

𝝉̂E2

𝝉̂E1
𝝉̂E3

𝝉̂E2

𝝉̂E1
𝝉̂E3

𝑱𝑇 (C, 𝒒cE)

W𝑨b
W𝑨b

F̂bp

𝒓bp,C

Figure 6.9 Monolithic and modular prosthesis socket control concept of the exoprosthesis. Note, that it yields
(𝜏e1, 𝜏e2, 𝜏e3)𝑇 =̂(𝜏E1, 𝜏E2, 𝜏E3)𝑇 .

idea underlying the monolithic controller is to consider the exoprosthesis as a single 7-dof floating-base
serial kinematic system for which a suitable gravity compensation is derived. The basic idea of the modular
controller is to consider the exoskeleton as 3-dof stand-alone system. For this, a floating-base gravity
compensation is derived, however, the prosthesis is interacting with the exoskeleton via the wrench F̂C,
see Fig. 6.9 (right). For this approach, a prosthesis floating-base model is required3, providing the base
wrench F̂bp, which can be transformed to F̂C. In turn, the prosthesis model requires information about the
exoskeleton configuration W𝑨b and 𝒒E in order to provide the correct prosthesis joint torque that considers
the orientation of the entire structure. The overall control scheme of both variants is depicted in Fig. 6.10.
In the following, the control algorithms for the particular mechanical systems are introduced, based on key
findings under Chapter 3.

For the following detailed description of the monolithic and modular control approach in Sec. 6.3.1 and
Sec. 6.3.2, please consider the introduced indices from Sec. 6.2.3.

3 dof joint torque

4 dof joint torque

I:

Fb¤𝒙bFR¤𝒙R Fext¤𝒙ext

𝒒p,d

𝒒e, 𝝋b
𝒒p

𝝉̂g,e
𝝉̂g,p

𝝉imp

FC¤𝒙C

3 dof joint torque

II:

control

control

Fb¤𝒙bFR¤𝒙R Fext¤𝒙ext

𝒒p,d

𝒒E, 𝝋b

𝒒p
𝝉g,p

FC¤𝒙C

F̂CW𝑻bp 𝑱𝑇 (𝒒E)

𝝉̂g,E

Figure 6.10 Control schemes for the exoprosthesis ExoPro Gen I, see Sec. 6.3

3Alternatively, a 6-dof force/torque sensor could be used between prosthesis base and exoskeleton to directly measure F̂C.
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6.3.1 Monolithic

The robot compensation dynamics (without inertia effects) of the 7-dof floating-base kinematics is described
by

𝝉mc,e = 𝑪̂je(𝒒ce, ¤𝒒ce) ¤𝒒ce + 𝒈̂je(𝒒ce), (6.6)

based on (3.34), which includes gravity and Coriolis compensation for all joints of the exoprosthesis.
Equation (6.6) utilizes block matrices for Coriolis and gravity from the robot dynamics with subscript (e).
The weight of the human limb is not considered in the dynamics model. In contrast to a fixed-base model,
(6.6) was derived based on 𝒒ce, which considers the base orientation W𝝋be. This model is then applied to
the joint torques

𝝉e = 𝝉mc,e +
(

03×1
𝝉imp,p

)
, (6.7)

where 𝜏e1 is the first element of 𝝉e, which is not actuated.
At this point, the system is gravity compensated in the active joints. Consequently, the residual limb is

able to intuitively guide the system via direct kinesthetic interaction forces. The prosthesis joints 𝑞4 − 𝑞7 are
controlled by the joint impedance controller (3.37).

6.3.2 Modular

The exoskeleton compensator is modeled by its floating-base model4 (subscript E) as

𝝉E = 𝑪̂jE(𝒒cE, ¤𝒒cE) ¤𝒒cE + 𝒈̂jE(𝒒cE) + 𝝉̂ext,E ∈ ℝ3×1, (6.8)

based on (3.34), which provides gravity and Coriolis compensation for the subsystem. Additionally, the
effect of the prosthesis on the exoskeleton model is described by the estimated model-based torques

𝝉̂ext,E = 𝑱𝑇 (C, 𝒒cE)WF̂C ∈ ℝ3×1, (6.9)

utilizing a Jacobian 𝑱(C, 𝒒cE), which is referred to coordinate frame W𝑻C. Before obtaining the interaction
wrench WF̂C between the prosthesis and the exoskeleton, the base wrench compensator of the prosthesis

WF̂
∗
bp = 𝑪̂bp(𝒒cp, ¤𝒒cp) ¤𝒒cp + 𝒈̂bp(𝒒bp) ∈ ℝ6×1 (6.10)

needs to be calculated. The model uses the subscript (p) (see Tab. A.4) and the submatrices for the base from
(3.21) and for the base reaction wrench (b). As the moment W𝑴̂

∗
bp of WF̂

∗
bp is twisted by RPY coordinates,

the wrench is transformed to Cartesian coordinates via

WF̂bp =

(
W𝑭̂

∗
bp

𝑱𝝎
W𝑴̂

∗
bp

)
(6.11)

with the twisted matrix 𝑱𝜔 ∈ ℝ3×3 from (3.11). The wrench WF̂C is then calculated by a shift along W𝒓bp,C
by

WF̂C =

( W𝑭̂bp
W𝑴̂bp

)
+

(
03×1

W𝒓bp,C × W𝑭̂bp

)
. (6.12)

The vector W𝒓bp,C is obtained from the translational differences between W𝑻C and W𝑻bp, see Fig. 6.9.

4Note, that here 𝝉̂ext,E is not the external torque calculated by a momentum observer. Rather, it is the model-based torque computed
by (6.9)-(6.12).
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Finally, the prosthesis controller becomes

𝝉p = 𝝉imp,p + 𝑪̂jp(𝒒cp, ¤𝒒cp) ¤𝒒cp + 𝒈̂jp(𝒒cp), (6.13)

using 𝝉imp,p from (3.37), where 𝑪̂jp(𝒒cp, ¤𝒒cp) and 𝒈̂jp(𝒒cp) are Coriolis and gravity vector compensators for
the prosthesis.

For simplicity, the human limb is assumed to be driven by a PD-type joint impedance controller using
a high joint stiffness in simulation. In the following section, the concept is evaluated in simulations and
experiments.

6.4 Control and Skill Validation

In the following, the exoprosthesis is validated, covering the high-level skills and the underlying controllers.
In the experiments, only the monolithic controller variant is used.

6.4.1 Active Socket Control

The following experiment aims for validating the main functionality of the exoprosthesis: the guidance of
the device by direct interaction forces FR on the residual limb and the simultaneous control of the prosthesis
joints.

Figure 6.12 depicts a human guidance experiment, using the floating-base gravity compensation in the
exoskeleton joints (row 1), with sinusoidal tracking in the prosthesis joints (row 2). The exoprosthesis
is attached to a fixed strut in an upright position. The underlying torque controlled joints of the gravity
compensated shoulder are shown in row 3. It can be seen that the torques change in accordance to joint
motion of 𝑞2 and 𝑞3 (row 1) to compensate for the right gravity torque and to keep the exoskeleton in
place, see ➀ (row 3). The torques of the impedance controlled prosthesis are depicted in row 4. A similar
experiment, with a human guiding the prosthesis by his upper arm when wearing the device, is depicted in
the photo sequence in Fig. 6.11.

Figure 6.13 aims for validating the floating-base control of the exoprosthesis under a varying device
orientation and showing its function. The system is tilted multiple times by ≈ 30 deg in the intervals Move
base (row 1). Note that no motion in the joints occurs due to the floating-base gravity compensation. As
a consequence of the base orientation change, the underlying torques in the exoskeleton adapt accordingly
(row 3), see ➀ and ➁. In interval Move stump, the exoskeleton is moved intentionally via human interaction
forces. This results in a higher model-based joint torque 𝜏4 in the last interval (row 4), see ➂. Clearly,
actual and desired torques accord with one another. The photo sequence in Fig. 6.14 demonstrates the same
experiment with a human wearing the device. The human tilts his body and shifts the prosthesis joints via
interaction forces. However, the joints of the exoprosthesis remain essentially constant due to the underlying
gravity compensation.

6.4.2 Grasping

The performance of picking and placing objects in common daily activities is a key criterion for transhumeral
prostheses [304]. First grasping experiments with the exoprosthesis prototype are performed with an expert
user. The prosthesis is equipped with the Softhand pro 2 [290]. The experiments are done in accordance to
those from Fig. 5.23, where the prosthesis was tested. Specifically, the human is given the task to utilize the
exoprosthesis as a tool for solving a set of tasks. For this purpose, the following non standardized pick and
place test was developed.

Figure 6.15 depicts the experimental setup (left) and the HMI of the 5-dof prosthesis (right). The operator
of the exoprosthesis uses his right arm to guide the exoprosthesis kinesthetically and his left arm to hold
the smartphone for operating the prosthesis by a GUI. The GUI of the smartphone allows the operator to
individually control the dof of prosthesis and hand via virtual sliders on the smartphone. These slider values
are directly mapped to the respective joints using the User Datagram Protocol (UDP).
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Figure 6.11 An expert user guides the exoprosthesis ExoPro Gen I with his upper arm through kinesthetic interaction
forces, see Fig. 6.12
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Figure 6.12 Sinusoidal tracking of the prosthesis joints
while the shoulder joints are guided via human interac-
tion forces, see Fig. 6.11.
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Figure 6.13 The exoprosthesis is tilted around x- and y-
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Fig. 6.14.

W 𝑨̂be
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Figure 6.14 The human tilts his torso, varies the position of the prosthesis joints and the exoskeleton base orientation.
Result: the exoprosthesis joints remain in position due to the underlying floating-base gravity compensation. See also
the data of a similar experiment in Fig. 6.13. See underlying animation in Fig. 6.17.
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Figure 6.15 Experimental setup to validate the grasping capabilities of the exoprosthesis ExoPro Gen I (left). User
machine interface of the prosthesis (right).
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Figure 6.16 Validation of grasping capabilities for differ grasping poses. The objects to be grasped are a can of
tomatoes (500 g), a can of tuna (125 g), a bottle of water (500 g), and a glass (100 g).
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Floating base visualization

Figure 6.17 Floating base visualization of the real-time-capable model, compare Fig. 5.20

The experimental setup is depicted in Fig. 6.15 (left). It consists of a table and shelf, which is placed on
top of the table surface. In total, the experiment provides three levels ➀,➁,➂, which were constructed for the
sake of picking and placing objects. Four types of objects are used in the experiment: i) a can of tomatoes,
ii) a can of tuna, iii) a bottle of water and iv) an empty glass.

Experimental procedure: The user wearing the exoprosthesis stands in front of the table. The user is
asked to pick up each object and place it on the next upper level of the shelf. Once all objects are placed on
a certain level, all objects are picked up and placed on the next upper level. The experiment was designed in
such a way that the user is encouraged to use as many degrees of freedom of the device as possible. During
the experiment, the healthy arm must not be used to interact with the experimental setup or the prosthesis.

Figure 6.16 depicts the key moments of the experiment, arranged in a matrix. The rows depict the different
objects and the columns depict the levels of placement, respectively. All objects could be grasped and placed
successfully. Furthermore, it is noted that the shoulder flexion and extension angle 𝑞3 is actively used for
picking and placing the objects.

6.4.3 Reaction Wrench Analysis

Up to now, the basic functionality of the exoprosthesis was validated. It was shown that the device can
be guided via interaction forces, while the prosthesis perform an arbitrary joint controller action. In this
context, a closer look was given to the underlying floating-base controller, providing the right joint torque
regardless the body orientation. Furthermore, the grasping capabilities of the device were successfully
shown by human-in-the-loop experiments.

However so far, the analysis of the interaction wrenches between human body and device is missing.
Based on the initial concepts from Fig. 6.3 and Fig. 6.4, the goal is to minimize the interaction wrench and
the pelvis moment, which should ideally be zero. In the following, both the wrench at the residual limb and
the pelvis are analyzed in more detail.
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Figure 6.18 Coordinate frames, joint axes and wrenches of the exoprosthesis with human anatomy. The human model
is taken from [303]

Simulation

The following simulation investigates the wrenches of interest

FR =

(
𝑭𝑇R 𝑴𝑇

R

)𝑇
,Fpv =

(
𝑭𝑇pv 𝑴𝑇

pv

)𝑇
, (6.14)

at residual limb W𝑻R and pelvis W𝑻pv for a chosen motion, see Fig. 6.19. Figure 6.18 helps in understanding
the evaluation, where the device is depicted in its zero position 𝒒e = (0, 0, 0, 0, 0, 0, 0)𝑇 .The wrenches FR
and Fpv are calculated based on the spring-damper systems from Fig. 6.8, which were tuned such that the
stiffness is maximized and oscillations are minimized. While FR can be directly obtained, Fpv is calculated
based on Feh for the exoprosthesis and based on FR for the prosthesis, and then shifted to the pelvis frame,
see Sec. A.3.2 in Appendix. The spatial spring damper systems measure the contact wrenches between
the systems. For all forces and moments, the 2-norm is considered. The simulation is performed with an
idealized actuator level torque controller 𝝉 = 𝝉d.

The simulation compares the two plant models exoprosthesis+human Fig. 6.8 (left) to the prosthesis only
Fig. 6.8 (right) by applying the same motion to the systems. The simulation procedure is as follows:

1. The experiment is first performed with human and exoprosthesis, see Fig. 6.8 (left). This model
corresponds to (6.1)-(6.5). The human shoulder drives the exoskeleton via 𝒒h,d using a PD controller.
The pose of the torso (W𝑨bh,d and W 𝒕bh,d) and the joint position of the prosthesis 𝒒p,d are controlled
by respective controllers as well. The motion of the residual limb W𝑻Rh(𝑡) and 𝒒p,d(𝑡) are stored.

2. The experiment is repeated for the prosthesis Fig. 6.8 (right). The trajectory from the attachment
W𝑻bp(𝑡) = W𝑻Rh(𝑡) and the prosthesis joints 𝒒p,d(𝑡) motion from 1) are then applied to the prosthesis.

In the simulation (see Fig. 6.19), the human model lifts the prosthesis by a flexion of the shoulder joint by
90 deg ➀. The upper and lower arm are aligned, and the elbow joint is straight ➁. The arm is parallel to the
body at the beginning of the experiment. Row 3 and 4 of Fig. 6.19 show the 2-norm of forces and moments
of FR. Clearly, both forces and moments at W𝑻Rh are much lower for the exoskeleton in comparison to a
directly attached prosthesis, see ➂, with maximum values of 5 N and 0 Nm compared to 20.6 N, 5.4 Nm.
In fact, the interaction wrench is zero for the static case for the exoprosthesis due to the control bandwidth
limits. The remaining forces of the exoprosthesis are likely caused by uncompensated acceleration and
deceleration. Row 2 shows that the gravity compensation generates ≈ 10 Nm of supporting torque in the
third joint explaining why W𝑭R and W𝑴R are close to zero for the static cases, e.g., 𝑡 = 6.5 s. The last row
depicts the pelvis wrenches, see Fig. 6.18. The moment W𝑀ex affected by the exoprosthesis is close to zero
(≈ 1 Nm at ➃), and is in fact even lower than the moment caused by the prosthesis alone. Indeed, W𝑀ex
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Figure 6.19 Simulation: the residual limb performs a shoulder extension for two cases prosthesis and exoprosthesis
using the floating-base gravity compensation. The exoprosthesis reduces the wrench FR significantly compared to a
conventional prosthesis attachment.

can be adjusted to any value by shifting the counter weight or by adding more weight (1.25 kg − 2.5 kg)5.
Consequently, almost no moment along the sagittal axis acts on the body. The moment along the transverse
axis is ≈ −6 Nm for the exoskeleton. As a comparison, a backpack with 15 kg and a lever arm from the
pelvis of 20 cm produces about −40 Nm. Consequently, comparably low moments act on the transverse axis.
When the arm is lifted, higher pelvis moments can be observed, which are lower for the exoskeleton than for
the prosthesis, see ➄. Forces acting on the pelvis were omitted as these were constant to the greatest extent.
These corresponded to the gravity forces of the entire system (e.g.,W𝐹pv,z ≈ (14.4 kg + 2.5 kg) · 9.81 m/s2).

Experiment

Figure 6.20 compares the exoprosthesis and the prosthesis in a payload lifting experiment, referring to
the initial problem statement depicted in Fig. 6.2. For both devices, a shoulder extension by ≈ 90 deg is
performed to lift a bottle filled with one liter of water. The gravity models within the controller were updated
according to the known properties of the load. Before the experiment, Velcro fasteners attached the upper
limb of the user with the same level of tension to the two devices. Note that a much higher deflection angle
(of 35 ◦) for the prosthesis than for the exoskeleton (of 15 ◦) is observed in the attachment, indicating higher
stress in the prosthesis attachment location. This observation is also in accordance with the simulation results
from Fig. 6.19 in which much higher wrenches for the prosthesis attachment than for the exoprosthesis were
observed. Related experimental data of the exoskeleton joints are depicted at the bottom of Fig. 6.20. It can
be seen that the shoulder exoskeleton supports the human shoulder by ≈ 18 Nm in joint 𝑞3, see ➀.

5The model of the exoprosthesis is based on CAD data. In the CAD software, the counter weight was shifted virtually until the
COM of the entire system was aligned with the sagittal plane of the human.
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Figure 6.20 A payload (1 l bottle) is lifted by the user comparing prosthesis and exoprosthesis with exoskeleton data.

A final load experiment investigates the difference in reaction wrench at W𝑻R for the exoprosthesis (left)
and the prosthesis (right), using a robot (Franka Emika Robot, Franka Emika GmbH, Germany), see Fig. 6.21.
The robot was used for following a prerecorded trajectory for both systems, respectively. The robot controller
of the manufacturer allows for accurately measuring the end effector wrench FR [34]. In this experimental
realization of the simulation from Fig. 6.8, the robot is attached to the upper arm of the exoprosthesis by a
3d printed part. The experiment follows the following procedure:

1. Before the experiment, the exoprosthesis is attached to the robot, see Fig. 6.21 (left). A trajectory is
recorded through kinesthetic teaching, intending to cover a large range of the joint space. With this,
it is ensured that the kinematic constraints of the exoskeleton are respected in the recorded trajectory.
The prosthesis holds its position via joint impedance control.

2. The recorded robot trajectory is applied to the exoprosthesis and the contact wrench FR is measured.

3. The connection at the shoulder is detached and the exoskeleton is moved out of the place, see Fig. 6.21
(right). The trajectory is applied to the prosthesis and the contact wrench FR is measured again.

Figure 6.21 depicts the recorded data. The first row of Fig. 6.21 shows the robot joints with two experimental
repetitions, respectively. The second and third row display the 2-norm of force and moment, respectively. The
red line corresponds to the prosthesis (carried by the robot) and the blue line corresponds to the exoprosthesis
(guided by the robot). The black dotted lines depict the repetition of the same experiment. The data confirms
that much lower forces and moments for the exoprosthesis are measured than for the conventional prosthesis
attachment, see ➀. For certain angles, the moment of the prosthesis decrease ➁ and are almost equal to the
exoprosthesis. Presumably, the prosthesis is tilted in such a way that the prosthesis COM lies under the robot
end effector and the prosthesis acts with a lower moment on the robot end effector.

Finally, the experiment shows that the reaction forces are reduced by 70 % and moments are reduced
by 50 % for the chosen dynamic trajectory. For 𝑡 = 0 s, it can also be observed that the wrench for the
exoskeleton is close to zero, i.e., the exoskeleton completely cancels the interaction wrench FR for the static
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case. This observation accords with prior simulations and experiments. Overall, the experiment confirmed
that the exoprosthesis can successfully compensate the contact wrench FR.

𝑭R
𝑭R

𝑴R 𝑴R

exo+grav pr only

-100

0

100

q
1

q
2

q
3

q
4

q
5

q
6

q
7

0

10

20

exo+grav

pr only

rep

0 10 20 30

0

5

10
exo+grav

pr only

rep

➀

➁

Figure 6.21 Robot follows a prerecorded trajectory with exoprosthesis and prosthesis attached.
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6.4.4 Other Applications: Teleoperation

A modified version of the exoskeleton from Fig. 6.5 was also used as a bilateral tactile control device for
controlling a service robot by teleoperation, see Fig. 6.23.

Teleoperation concept for elderly care

~100 km 
distance

Screen

UDP

UDP

Video

Specialist with an exoskeleton Humanoid service robot

Figure 6.22 Teleoperation of GARMI robot through exoskeleton

The future use-case is a remote control of the service robot GARMI [305] by a medical specialist wearing
the exoskeleton, see Fig. 6.22. The specialist controls the joints of the service robot and receives suitable
force-feedback. By this, multiple application scenarios such as virtual physiotherapy or medical examination
over the Internet become possible.

The exoprosthesis from Fig. 6.5 was mechanically and electrically modified. For this, the transhumeral
prosthesis is detached and replaced by a specially-designed torque-controlled robotic actuator. A mechanical
extension and a handle are attached to enable guidance of the exoskeleton. The exoskeleton is supposed to
follow the same motion as the operator arm.

Two simple controllers couple exoskeleton and service robot. The service robot runs the following
torque-level controller

𝝉R,d = 𝑲
(
𝒒∗E − 𝒒R0

)
+ 𝒈̂(𝒒R), (6.15)

where 𝒒∗E = 𝒒E − 𝒒E,0 is the joint position of the exoskeleton, shifted along 𝒒E,0. 𝝉R,d and 𝒈̂(𝒒R) are the
desired torque and the gravity model of the service robot, and 𝒒R0 is its zero position. 𝑲 is a gain matrix,
which is also used for assigning the joints of the two different robots. The exoskeleton runs the controller

𝝉̂E,d = 𝑷𝝉̂R,ext + 𝒈̂(𝒒E), (6.16)

where 𝝉̂E,d is the desired torque of the exoskeleton, 𝑷 is a distribution matrix for joint assignment between
the two systems, 𝒈̂(𝒒E) is the exoskeleton gravity model, and 𝝉̂R,ext is the output of the service robot’s
momentum observer (sent to the exoskeleton). Both systems are connected via a university-reserved network
and communicate over UDP .

Figure 6.23 shows an experiment with a human operator controlling the joints of the robot using the
exoskeleton, and showing a stable, accurate and responsive joint position for following the service robot
in this teleoperation scenario. Figure 6.24 shows the teleoperation with force-feedback over the internet
at ≈ 100 km distance. While the first row depicts the joint angle of the robot, the second row depicts the
external joint torques measured by the robot and transmitted to the exoskeleton over internet. Finally, the
tactile exoskeleton can also be utilized in alternative applications showing the generalizability of the design.
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Figure 6.23 Robot angular tracking by exoskeleton via teleportation
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Figure 6.24 Robot force feedback via teleportation between Garmisch-Partenkirchen and Munich over internet
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6.5 Summary

This chapter utilized the modeling and control framework from Chapter 3 as a tool for extending the state
of the art in attachment methods for upper-limb prosthetics. Commonly, prostheses are attached via passive
sockets or Osseo Integration (OI). These methods still suffer from several drawbacks for the prosthesis user,
also pointing out a significant safety risk. In this work, a new solution was investigated by using a shoulder
exoskeleton for active load compensation as conceptualized in prior works [12]. The exoskeleton carries
the prosthesis for the user and offloads the stump via a floating-base gravity compensation. Consequently,
the wearing comfort at the residual limb is expected to be more convenient and safer than conventional
attachment methods. As the mechatronics of the exoskeleton utilizes tactile control, the residual limb of the
prosthesis user can guide the system via direct interaction forces. This seamless and quite natural control
method of the device requires no learning of complex abstract human machine interfaces. Overall, the
following contributions were made.

1. The first design of a wearable exoprosthesis prototype was developed for laboratory-level experiments,

2. A mechatronic solution was proposed for a tactile, single-sided shoulder exoskeleton rebalancing the
COM by contralateral actuator placements and Bowden cables,

3. Two prosthesis socket control schemes were introduced for the tactile robotic exoskeleton based on i)
joint torque control and ii) a floating-base gravity compensation,

4. A feasibility analysis of the exoprosthesis was completed via multi-body simulation, controller tests
and human-in-the-loop grasping experiments.

These advances are achieved by the following approach. A RRR gimbal-like shoulder exoskeleton in
combination with the slider mechanism 𝑎 is proposed. A mathematical human-in-the-loop multi-body
model of the exoprosthesis allows for a simulation-based controller design such that monolithic and modular
controllers could be proposed and analyzed. Both the model and the control were derived using the toolbox
from Chapter 3. Even though both the monolithic and the modular controller are numerically equal, the
modular controller allows for exchanging attached prostheses models without the need for regenerating the
entire mathematical model of the system. The exoprosthesis prototype is validated by stationary controller
experiments of the active socket and grasping human-in-the-loop tests. Finally, a reaction wrench analysis at
pelvis and residual limb validates the exoprosthesis concept: i) The residual limb allows guiding the prosthesis
socket by small interaction forces, ii) the floating-base gravity compensation maintains the exoprosthesis
position, regardless the human body orientation, iii) the device is successfully used as a tool in grasping
experiments, and iv) the wrench at the residual limb is reduced with respect to a conventional prosthesis
attachment, while the wrench at the pelvis is comparable, i.e., to a backpack.

With this work, a significant step towards a wearable exoprosthesis was completed, and some fundamental
research questions could be clarified. Future work should focus on a further miniaturization of the mechanical
design, such that the concept becomes useful for real prosthetic users. In future prototypes, the structure
should be minimized in terms of size and weight. Once these problems are solved, clinical trials should be
performed.
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7 Conclusion

Hardware Abstraction Layer

Unified Force-Sensitive Mechatronics Framework

Part I
Pneumatics

Part II
Prostheses

Part III
Exoskeletons

Figure 7.1 Systems developed by the mechatronic design synthesis framework proposed in this thesis

Soft and tactile robots have revolutionized the robotics field over the last 15 years. In this thesis, a complete
design framework for soft and tactile robotic systems was introduced, which can be used for developing both
stationary and wearable devices. Two limitations of state-of-the-art soft and tactile robotic systems inspired
this work, namely that

• the drive-train of electromechanical soft and tactile robots is prone to hard collisions, which may
damage the torque sensor or the gear, and

• the structural design of the robot, with actuators flanged at the rotary axes, might not be suitable for
wearable robot designs, such as exoskeletons and prostheses.

The hypothesis of this thesis was that these problems can be addressed by altering the mechatronics design,
more specifically, the actuation and the transmission elements of the robot. For these reasons, this thesis
proposed a simulation-guided and digital-twin-based development framework by which soft- and tactile
robotic systems can be designed, controlled and optimized, before the robot is built. Key concepts of this
design are i) state-of-the-art robot modeling and controller approaches, ii) Actuator Abstraction Layers and
iii) Transmission Abstraction Layers, allowing the investigation of various robot types by generally applying
the same approach. The framework also includes the subsequent mechanical design of the robot, utilizing
the results from the physics simulation to perform kinematics, load and stress simulations for the sake of
optimizing the mechatronics design. The kinematic, dynamic and controller simulation, as well as the
computer aided design then form the unified mechatronics design framework. To the best of the author’s
knowledge, this is the first work following this approach for the design and control of soft and tactile robots.
The expected impact of the framework is a simplified digital-twin-based robot development, which evolves
in shorter development times and/or more complex and specialized robotic systems.

The framework was then utilized for making further research progress in other robot domains such as
pneumatically-actuated robots, upper-limb prostheses and exoskeletons. By this, the ability of the frame-
work to generalize and to predict robot systems with different actuation and transmission technologies could
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be empirically confirmed. The works of this thesis were published in peer-reviewed and highly respected
international conferences and journals such as RA-L, ICRA, T-RO and IJRR.

Pneumatics Pneumatic actuators were researched in this thesis, as these actuators were considered as an
alternative actuation concept to electromechanical actuators for soft and tactile robots. Due to the inherent
compliance and backdrivability, they have unique properties in contact response, collision robustness and
speed, in contrast to electromechanical actuation. The goal of this work was to perform fundamental research
by transferring the technology from soft and tactile robotics (established in electromechanical systems) to
pneumatically actuated robots, by developing novel mechatronics and control algorithms. In this context,
alternative mechatronic design approaches for torque-controlled pneumatic actuators were also proposed,
without using strain-gauge-based sensors.

The pneumatic technology was researched on novel bio-inspired muscle-like and tendon-driven robot
joints, and finally on a 7-dof pneumatic robot simulation. The specific contribution of this work was to
show that joint torques, joint impedances and contact losses can be successfully controlled by the proposed
methods for pneumatically driven robots. Also, disturbant joint torques and disturbant actuator pressure
variations (such as leakages) could be successfully observed by suitable observer structures. Consequently,
full knowledge and control over the pneumatic actuator could be gained. The 7-dof robot simulation provided
the first step of a digital-twin-based development towards a real 7-dof pneumatic robot. Simulations and
experiments on the pneumatic actuators revealed the strength in inherent compliance, impact robustness and
high speed, but also weaknesses in a low stiffness, thereby limiting possible application scenarios.

While the integration of the technology is still challenging, the 7-dof robot simulation provided a path of
how to design a pneumatic robot, with a higher number of dof. The pneumatic technology may be used in
highly dynamic industrial environments, where functionality such as catching and throwing is demanded.
Also, autonomously learning robots, with contact interaction, could benefit from a pneumatic actuation, as
the non-optimal learning parameters do not damage the robot structure. Furthermore, due to their inherent
compliance, pneumatic actuators are also a perfect actuator technology for human-robot interaction. In addi-
tion, the experiments and simulations demonstrated the ability for highly precise proprioceptive disturbance
measurements – particularly when considering low friction cylinders.

Prostheses The main goal of the prosthesis research was to provide more human-like features for upper-
limb prostheses. For this ambitious goal, a novel upper limb prosthesis design and synthesis approach was
established. Specifically, i) a novel development approach for upper-limb prostheses, ii) additional human-
like and human-inspired prostheses features, iii) the systematic transfer of soft and tactile robotic methods to
upper-limb prosthetics1 and iv) the specific mechatronic solution for the Artificial Neuromuscular Prosthesis
(ANP) were achieved.

• Development approach: A human-inspired mechatronics concept was then derived, which included
sensors, actuators and controllers in correspondence to the human body, realized by the state-of-the-art
technology from soft and tactile robotics. A simulation-guided, digital-twin-based development was
performed, which utilized the framework of this thesis. These methods provided the foundation for
developing a complex robotic prototype from scratch, with a minimum number of prototypes. This
kind of development approach has never before been shown for upper-limb prostheses to the best of
the author’s knowledge.

• Prostheses features: The human-inspired prostheses features are derived from the aforementioned
human-inspired development approach. In particular, the developed prosthesis could imitate the

1Though, there is one prosthesis [149] claiming the use of torque and impedance control. However, neither a mathematical
formulation of the controller nor an experimental analysis could be found.
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human neuromuscular system in terms of body awareness, ii) contact awareness, iii) human-like
contact response and iv) human-like kinematics. This thesis is the first work aimed at applying key
features of the human neuromuscular system to an artificial prosthetic device.

• Mechatronic solution: The foregoing features required a specialized mechatronic solution to be
developed. The resulting device, the ANP, is characterized by i) a 4-dof human-like elbow-to-
wrist kinematics, ii) torque-controlled robot joints and iii) an inertial measurement unit (IMU) for
real-time orientation measurements. Custom-made robotic joints, wrist modules and torque sensors
were developed to match the special requirements of the device. The ANP is equipped with the
human-inspired Artificial Neuromuscular Controller, which consists of a joint impedance controller,
a real-time-capable floating-base rigid-body model and a floating-base momentum observer. All of
these features were provided at a small size and a weight of 1.7 kg.
Consequently, the features of the ANP, especially at this size and weight, are unique in prosthetic
research.

The feasibility of the ANP concept was validated in simulation, experiments and human-in-the-loop test.
The ANP will be further utilized in the subsequent project A.ID, focusing on a clinical investigation of the
prosthetic device and the development of novel human machine interfaces.

Exoskeletons The exoskeleton of this thesis was researched as an alternative attachment method for upper-
limb prostheses. While passive attachment devices are commonly utilized for connecting a prosthesis to the
human body, these come along with several disadvantages, as discussed in this thesis. For these reasons,
a third option was proposed by using a robotic active socket. In this thesis, the active socket was realized
by a wearable tactile shoulder exoskeleton, which carries the prosthesis for the user. The combination of
the prosthesis and the exoskeleton is commonly known as an exoprosthesis, as investigated in prior works.
However, the feasibility of the concept has remained an open question. In particular, a wearable prototype
has not been realized to date. These open questions were investigated by the development of the first wearable
exoprosthesis prototype and concluded by subsequent feasibility analysis.

The first generation prototype of the exoprosthesis was designed to

• minimize the potentially harmful wrench between prosthesis and residual limb,

• guide the prosthesis socket intuitively via small interaction forces (simply by moving the residual
limb),

• simplify the lifting of prosthesis and external loads, and

• provide a reasonable wearing comfort for lab experiments, measured by the wrench at the pelvis.

The mechatronics and control of the exoprosthesis were based on the concept from soft and tactile robots of
providing tactility and body awareness to the device. Due to the single-sided application to the human body,
a special design solution was developed to shift the center of mass close to the sagittal plane of the human
body.

The thesis focused on the validation of these control concepts and on the feasibility test of the exoprosthesis
concept in both simulation and experiment.

The author believes that the novel concept of an active socket is a helpful device for near-future upper
limb prostheses, constituting a first step in terms of the control concept and mechatronics prototype of this
paradigm shift. Although the wearable device is still too heavy for pilot experiments, or a use outside the
lab, fundamental research questions around the feasibility of the concept were resolved in this thesis.

Future Work Future work on the unified mechatronics framework should include additional structures and
controllers to simulate a larger choice of test scenarios. While the framework up to now consists of modular
components, which are manually combined by the developer, future work should also focus on an automated
or semi-automated robot design pipeline.
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Future work on pneumatic actuators should focus on developing a full 7-dof pneumatic tactile robotic
system, actuated either by rotary cylinders or tendon-actuated linear cylinders. The proposed application
scenarios of pneumatic robots, such as catching, throwing, autonomous learning and highly tactile torque
sensing should be further investigated.

Future work on prostheses should focus on advancing concepts and mechatronics of the ANP. The
overall concept of an Artificial Neuromuscular System should be maintained and extended by further
human-inspired features. In general, the human archetype served as a perfect guideline for a meaningful
prosthetic development. It is expected that further human-inspired and theory-based mechatronic features
will significantly advance prosthesis technology. The mechatronics development of the prosthesis should
focus on a further integration, especially, of the battery and the central computation unit (CPU). This may
be achieved by exploiting more synergies in the electronic design and by using less powerful joints for the
elbow and forearm.

Future work on the exoprosthesis should focus on i) minimizing the mechatronics of the device, and ii)
introducing novel control methods. While the current device was designed for lifting approximately 3 kg,
the demands could be lowered such that smaller mechatronic components can be chosen. Also, the shoulder
kinematics and transmission elements (Bowden Cables) could be reconsidered to obtain a smaller device. For
the shoulder kinematics, alternative mechanisms could be evaluated to cover a larger range of human shoulder
motions. The performance of the transmission elements regarding friction and force/torque measurements
should be improved. A possible approach would be a complex spool or pulley kinematics, compensating
the exoskeleton kinematics, in order to also improve the friction of the design. If this is achieved, the
torque signal should also be improved, without requiring additional torque sensors in the joints. Joint
torque sensors are not recommended for a single-sided, wearable design. In particular, these would require
additional space and weight, and could complicate COM-related problems. In addition, the material for the
exoskeleton structure should be reconsidered, e.g., by choosing carbon-fiber-based solutions. However, such
an approach should be accompanied by suitable FEA tools. Also, all contact points between the human and
the device should be equipped with 6-dof-force-torque sensors to allow for an improved contact estimation.
A fully 3-dof actuated shoulder would finally enhance the ability for further model-based control approaches.

In summary, this thesis sets forth a significant step for the structured design of soft and tactile robots
based on the most relevant transmission, actuation and control technologies. This is done by introducing a
unified design and synthesis framework for a digital twin-based robot design, development and verification.
The approach was validated by the successful development of pneumatic robots, upper-limb prostheses and
exoskeletons of varying complexity both in simulations and experiments.
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A Appendix

A.1 Pneumatics

A.1.1 Passivity Analysis of the 1-dof System

Preliminary Controller

For the stability analysis of the controller, a passivity-based approach is used, which is defined as follows:

Theorem (Passivity)
Considering the state space model of a standard nonlinear system ¤𝑥 = 𝑓𝑠𝑠 (𝑥, 𝑢) with output 𝑦 = ℎ𝑠𝑠 (𝑥, 𝑢) ∈

ℝ𝑝 and 𝑥(0) = 𝑥0 ∈ ℝ, passivity holds if there exists a positive semidefinite function such that:

𝑆(𝑥(𝜅)) − 𝑆(𝑥0) ≤
∫ 𝜅

0
𝒚𝑇 (𝑡)𝒖(𝑡)𝑑𝑡 (A.1)

for all input signals 𝑢 : [0, 𝜅] → ℝ𝑝, initial states 𝑥0 ∈ ℝ𝑛 and 𝜅 ∈ ℝ+. Several passive sub-systems can be
combined as one single passive system via feedback or parallel interconnections.

In the following it is shown that the passivity of controller (4.8) is not guaranteed. Similar to [76] this
problem is solved by inserting a virtual tank to preserve passivity.

Passivity of the proposed unified torque/impedance control (4.8) w.r.t. [ ¤𝑞,−𝜏′d] can be examined by
considering the power ports 𝜏′d and ¤𝑞 of the system as

− ¤𝑞𝜏′d = − ¤𝑞
(
− 𝑘 imp𝑞 − 𝑑imp ¤𝑞 + 𝑔̂(𝑞) + 𝜏d,trq

)
= ¤𝑆𝐼 + 𝑑imp ¤𝑞2 − ¤𝑞𝜏d,trq

≥ ¤𝑆𝐼 − ¤𝑞𝜏d,trq, (A.2)

where
𝑞 = 𝑞 − 𝑞d (A.3)

is the displacement from the impedance set-point and

𝑆I =
1
2
𝑘 imp𝑞

2 −𝑉𝑔̂ (𝑞) (A.4)

is the storage function of the impedance controller. The relation between 𝑉𝑔̂ (𝑞) and 𝑔̂(𝑞) is defined as

𝑔̂(𝑞) =
𝜕𝑉𝑔̂ (𝑞)
𝜕𝑞

. (A.5)

From (A.2) it can be seen that passivity is potentially violated since ¤𝑞𝜏d,trq is not necessarily negative.

Passivity New Controller

Now, the passivity of the unified impedance controller including tank is examined. The new overall storage
function is 𝑆u = 𝑆I + 𝑇t. Hence, considering (4.11) for the case of 𝑇t < 𝑇u leads to
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¤𝑆u = ¤𝑞𝑘 imp𝑞 − ¤𝑉𝑔̂ (𝑞) + ¤𝑥t𝑥t

= ¤𝑞𝑘 imp𝑞 − ¤𝑉𝑔̂ (𝑞) +
(

1
𝑥t

(
𝑑imp ¤𝑞2 − 𝛾 ¤𝑞𝜏d,trq

)
− 𝜔𝑦c

)
𝑥t

= ¤𝑞𝑘 imp𝑞 − ¤𝑉𝑔̂ (𝑞) + 𝑑imp ¤𝑞2 − 𝛾 ¤𝑞𝜏d,trq − 𝜔 ¤𝑞𝑥t

= ¤𝑞
[
𝑘 imp𝑞 − 𝑔̂(𝑞) + 𝑑imp ¤𝑞 − 𝛾𝜏d,trq − 𝛼(1 − 𝛾)𝜏d,trq

]
(A.6)

≤ − ¤𝑞𝜏d, (A.7)

are obtained, which not only guarantee the passivity of the unified impedance torque controller w.r.t. [ ¤𝑞,−𝜏d],
but also makes it a lossless system.

It should be mentioned that for 𝛽 = 0 the passivity condition still holds, although the system would not
be lossless anymore. In case of 𝛼 = 0 there are two situations. If 𝛾 = 1, the system would be passive and
lossless, with 𝛾 = 0, the torque controller would be deactivated to guarantee the passivity. Hence, in order
to avoid this unwanted situation and keeping 𝛼 to be always 1, the tank should have sufficient initial energy
[76].

In [306] a force controlled pneumatic actuator with linear feedback is shown to be passive. For a sliding
mode controlled pneumatic actuator, as used in this paper, the passivity analysis and possibly necessary
modifications are left for future work. Assuming a passive force controlled pneumatic actuator the overall
system is passive, see Fig. A.1.

Figure A.1 Port-based representation of the antagonistic pneumatically actuated system

A.1.2 Franka Emika Robot

Rotary Pneumatic Actuator

The pressure dynamics and valve model are described by (4.20), (3.49), (3.49) and (3.50). The only difference
in modeling between the linear pneumatic cylinders exists for the volume and the torque, see Fig. 4.5

Volume The volume of the rotary actuator is calculated by the volume integral

𝑉 =

∫ ∫ ∫
𝑉

𝑑𝑉 =̂

∫ 𝑏

0

∫ 𝑞∗

0

∫ 𝑟ro

𝑟ri

𝑟d𝑟d𝜑d𝑧 (A.8)

𝑉 = 𝑞∗
𝑏

2

(
𝑟2

ro − 𝑟2
ri

)
(A.9)

with 𝑏 being the width of the actuator, 𝑟ro the outer Radius, 𝑟ri the inner radius. 𝑞∗ consists of 𝑞∗ = 𝑞 − 𝑞0
where 𝑞 is the describing coordinate and 𝑞0 is constant angle, which maps between robot and actuator
coordinates. The final volume becomes

𝑉 = 𝑉0𝑖r ± 𝐴eq(𝑞 − 𝑞0) (A.10)

with

𝐴eq =
𝑏

2

(
𝑟2

ro − 𝑟2
ri

)
, (A.11)
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which is required for (4.20). Additionally, for 𝑞 = 0 a volume 𝑉0𝑖r is present, see (A.10).

Torque The output torque of the actuator can be found by integration. When considering the differential
output

d𝜏 = 𝐹d𝑠. (A.12)

Due to the pressure difference Δ𝑃 between chamber 1 and 2, this can be further expressed as

d𝜏 = Δ𝑃𝐴d𝑠 = Δ𝑃𝑏𝑠d𝑠 (A.13)

with 𝐹 = Δ𝑃𝐴 and 𝐴 = 𝑏𝑠. Integration leads to

𝜏 = Δ𝑃𝑏

∫ 𝑟ro

𝑟ri

𝑠d𝑠 = Δ𝑃𝑏

[
𝑠2

2

]𝑟ro
𝑟ri

(A.14)

= (𝑃2 − 𝑃1)
𝑏

2
(𝑟ro

2 − 𝑟ri
2). (A.15)

Finally, with (A.11) it follows that
𝜏a = 𝐴eq (𝑃2 − 𝑃1) . (A.16)

Collision Modeling

In the simulation, a collision between the robot and i) moving and ii) residing object is investigated,
respectively. First, a collision with a sphere and then with a table top is discussed.

Two Spheres The developed model is designed to simulate a collision between the robot and a ball, which
is thrown against or falls on top of the robot. This behavior is modeled by two spheres as follows:

• Sphere 0 is attached to the robot end effector, expressed via W𝒓s0 = W𝒓E, with W𝒓s0 being the position
and 𝒓E the position of the robot end effector.

• Sphere 1 can move in space freely and is described by the vector W𝒓s1, which represents the position
of sphere 1 in space.

Sphere 0 and Sphere 1 have a radius of 𝑟s and 𝑅s. A collision between the two sphere is described by position
depending contact forces. The distance between the spheres is

WΔ𝑟s = ∥W𝒓s1 − W𝒓s0∥2 (A.17)

and the orientation of the collision force

𝒆 =
Δ𝑟s

∥ 𝒕r1 − 𝒕s0∥2
. (A.18)

A case distinction

𝛼 =

{
1 if Δ𝑟s ≤ 𝑟s + 𝑅s

0 else
(A.19)

checks if a collision occurs. The scalar collision force is obtained based on a spring-damper model

𝐹 (𝛼, 𝛽) = 𝛼𝐾Δ𝑟s + 𝛼𝛽𝐷Δ ¤𝑟s (A.20)
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with spring and damper constant 𝐾 and 𝐷, taking into account the penetration depth Δ𝑟s. Additionally, a
damping term is active when a penetration occurs and the spheres are approaching. This is tested by

𝛽 =

{
1 if Δ ¤𝑟s ≤ 1
0 else

. (A.21)

Based on (A.18) and (A.20), the contact force W𝑭c, acting between robot and spheres is

W𝑭c = 𝐹 (𝛼, 𝛽)W𝒆. (A.22)

Based on the Jacobian of the contact point 𝑱𝑇
𝐵0(𝒒), the effect on the robot joints is calculated by

𝝉ext = 𝑱𝑇𝐵0(𝒒)
W𝑭c. (A.23)

The dynamics of Sphere 1 is modeled by the differential equation

W¥𝒓s1𝑚s1 = −𝑚s1
W𝒈 − W𝑭ext, (A.24)

(A.25)

with𝑚s1 being the sphere mass and W𝒈 the gravitational acceleration. The models neglect friction in contact,
rotational spin and the mass of Sphere 0.

Table Collision The collision model between table and robot end effector consists of components, namely
the collision in z-direction and the adhesive friction. First, the distances in z-direction is evaluated by

Δ𝑟𝑇 = ∥W𝑟Ez − 𝑡box,z∥2, (A.26)

where 𝑡box,z is the height of the collision surface, represented as a box. The equivalent case distinctions

𝛼𝑇 =

{
1 if Δ𝒓𝑇
0 else

, 𝛽𝑇 =

{
1 if Δ ¤𝑟T ≤ 1
0 else

. (A.27)

lead to
𝐹Tz = 𝛼𝑇𝐾Δ𝑟T + 𝛼𝑇 𝛽𝑇𝐷Δ ¤𝑟T. (A.28)

Second, adhesive friction is modeled by another spring with constant 𝐾x and 𝐾y for x- and y-direction.
Once 𝛼𝑇 has switched to 1, 𝐾x and 𝐾y are permanently switched on an the vector W𝒓∗Ex of the first penetration
is stored. This model does not take into account contact loss but is assumed to be sufficient.

𝑭ext =
©­­«
𝐾x

(W𝑟Ex − W𝑟∗Ex
)

𝐾y

(
W𝑟Ey − W𝑟∗Ey

)
𝐹Tz

ª®®¬ (A.29)

A.2 Prosthesis

A.2.1 Design Process

The mechatronic design follows the flow chart of Fig. A.2, which focuses on choosing motor and strain
wave gearbox to realize a high torque-to-weight-ratio prosthesis actuator unit1 with the help of simulation
data of joint-side actuator angles, speeds and torques 𝑞a, ¤𝑞a, 𝜏a. The process starts with the choice of the
smallest possible gear variant2 in terms of outer dimensions. For this, the largest possible gear ratio 𝑖g is

1A similar process was elaborated for the sensor choices but are in principle redundant to the gearbox and actuator choice.
2The logic behind the choice of the next component is hidden for a simpler description.
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chosen as this is a common design choice to achieve a high torque-to-weight-ratio. For the selected gear, the
maximum torque 𝜏g,max of the gear is determined and compared to the maximum torque of all simulations
max (𝜏a(𝑡)). If this test is successful, the smallest possible BLDC motor is chosen. It is then checked,
whether the motor, with the given gear combination 𝑖g, can fulfill the maximum demanded torque from
simulation max (𝜏a(𝑡)) 𝑆1, where 𝑆1 ≈ 1.3 is a chosen safety factor. Furthermore, it is checked whether
the maximum speed of motor and gear 𝑛m,max, 𝑛g,max are exceeded by the maximum simulated motor speed
from simulation data 𝑛sim,max = max

(
¤𝑞a𝑖g60

2𝜋

)
. If one of the conditions is not successful, another component

is chosen. If all variants are checked, however, no feasible combination can be found, the process is aborted
and the requirements are reevaluated. In such a case, the demanded external loads need to be maintained
but the maximum demanded speed is reduced up to lower boundary ¤𝑞min. If then no feasible solution was
found, the external loads are reduced. For a successful component choice, a structural design is elaborated
and the feasibility of the design is checked (i.e., assembly, stress analysis by FEA, etc.). If this is finally
successful, the device is assembled. The aforementioned process can be applied to any electromechanical
geared actuator of the prosthesis, regardless the respective kinematics, as it is applied on actuator-level.

Mechanical design
feasible?

All variants
checked?

All ratios
 checked?

All motors
checked?

Abort!

Mechatronic design

All designs
tried?

Choose (next) smallest possible gear variant

Choose (next) largest possible gear ratio

Choose (next) smallest possible motor

Structural design (CAD)

Information bus
State transition

N

Y
N

Y

N

Y

NY

N

Y

N

Y

Y

N

N
Y

𝑖g
𝜏g,max > . . .

max (𝜏a(𝑡))

𝜏m,N𝑖g > . . .

max (𝜏a(𝑡)) 𝑆1

𝑛m,max > 𝑛sim,max
𝑛g,max > 𝑛sim,max

𝑞a, ¤𝑞a, 𝜏a
Motor+
Gear data

Figure A.2 Mechatronic design of subsystem from Fig. 5.5
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A.3 Exoskeleton

A.3.1 Interconnection Wrenches

Wrench Fhw

The wrench Fhw keeps the base of the human torso at a desired pose, see Fig. 6.8. Its translational part is

𝑭hw = 𝑲x

(
W 𝒕bh,d − W 𝒕bh

)
+ 𝑫x

(
W¤𝒕bh,d − W¤𝒕bh

)
, (A.30)

with W 𝒕bh,d being a desired base translation of the system and 𝑲x and 𝑫x being diagonal stiffness and
damping matrices, respectively.

The torsional behavior is modeled by an adapted Euler-angles orientation spring [250]. This requires
an actual and a desired orientation of the human base W𝑨bh and W𝑨bh,d in order to calculate the mutual
orientation matrix

bh𝑨bh,d =

(
W𝑨bh

)𝑇 W𝑨bh,d. (A.31)

Adapted Euler angles

𝝋x1 = 𝜶RPY(bh𝑨bh,d) (A.32)

may be interpreted as suitable control error. The stiffness matrix 𝑲pr multiplied with 𝝋x1 provides a moment
in a twisted Frame, which is transformed to the local frame (CS)bh using 𝑱𝜔 from (3.11) as transformation
matrix. The result is then transformed to world coordinates (CS)W using W𝑨bh. The final spring-damper
system becomes

𝑴hw = W𝑨bh𝛀
𝑇
RPY (𝝋x1) 𝑲pr︸                     ︷︷                     ︸

=:𝑲 𝜑

(
W𝑨bh,d,

W𝑨bh

) 𝝋x1 + 𝑫𝜑

(
W𝝎bh,d − W𝝎bh

)
, (A.33)

with 𝑫𝜑 being a diagonal damping matrix. In the following, the spring behavior from (A.33) is denoted
𝑲𝜑

(
W𝑨bh,d,

W𝑨bh

)
.

Wrench Feh

The wrench Feh models the attachment of the exoprosthesis to the human model as the human wears the
system as a backpack, see Fig. 6.8. Translational and rotational spring-damper systems are

𝑭eh = 𝑲x

(
W 𝒕bh − W 𝒕be

)
+ 𝑫x

(
W¤𝒕bh − W¤𝒕be

)
, (A.34)

𝑴eh = 𝑲𝜑
(

W𝑨bh,
W𝑨be

)
𝝋x2 + 𝑫𝜑

(
W𝝎bh − W𝝎be

)
. (A.35)

The only difference to (A.30) and (A.33) is that desired position and orientation W 𝒕bh,d and W𝑨bh,d, are
substituted by the base position and orientation W 𝒕be and W𝑨be of the opposite body.
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Wrench FR

The wrench FR models the upper limb attachment of the exoprosthesis to the residual limb of the human
model at W𝑻Rh and W𝑻Re. In contrast to the prior spring-damper systems, only three of the 6-dof are actively
controlled (to reduce numerical tension). The translational part is

𝑭′
R = 𝑲x𝒆 + 𝑫x ¤𝒆 (A.36)

𝑭R = W𝑨Re𝑷1
Re𝑨W𝑭′

R, (A.37)

where 𝒆 denotes the translation error as defined below. 𝑭′
R is defined in the coordinates of (CS)W and

is transformed to (CS)Re via the orientation matrix Re𝑨W from (6.4). The multiplication with 𝑷1 =

diag
[
0 1 1

]
ensures that no forces along the x-direction of system W𝑻Re are applied. The result is then

transformed back to (CS)W by W𝑨Re. Finally, the control error and its derivative are defined as

𝒆 = W 𝒕Rh − W 𝒕Re, (A.38)
¤𝒆 = 𝑷2

(
𝑱Rh(𝒒h) ¤𝒒Rh − 𝑱Re(𝒒e) ¤𝒒Re

)
. (A.39)

While W 𝒕Rh and W 𝒕Re are obtained from (6.3) and (6.4), the derivative ¤𝒆 is calculated based on (3.7) by
utilizing the corresponding Jacobian matrices. 𝑷2 = diag

(
𝑰3×3 03×3

)
maps the translational part of the

Jacobians.
The structure of the torsional spring-damper system

𝑴′
R = 𝑲𝜑

(
W𝑨Rh,

W𝑨Re

)
𝝋x3 . . . + 𝑫𝜑

(
W𝝎Rh − W𝝎Re

)
𝑴R = W𝑨Re𝑷3

Re𝑨W𝑴′
S3 (A.40)

is the same as (A.35) but utilizes the orientation matrices W𝑨Rh and W𝑨Re of the human and the exoprosthesis
upper arm, respectively. 𝑷3 = diag

(
1 0 0

)
ensures that the local rotation around the x-axis in frame W𝑻Re

is controlled. The error of the angular velocity

W𝝎Rh − W𝝎Re = 𝑷4
(
𝑱Re(𝒒h) ¤𝒒Rh − 𝑱Re(𝒒e) ¤𝒒Re

)
(A.41)

of frames W𝑻Rh and W𝑻Re is calculated by the same concept of (A.39) but here the sub-matrix 𝑷4 =

diag
(
03×3 𝑰3×3

)
affects the orientation.

A.3.2 Pelvis Wrench

As the floating-base systems provide base reaction forces W𝑭pv and W𝑴pv, the wrench may be calculated at
any point. Here, the pelvis wrench is of special interest. Consequently, the reaction forces and moments at
the pelvis may be computed by a quasi-static approach as( W𝑭pv

W𝑴pv

)
=

( W𝑭b
−W𝑴b − W𝒓bpv ×

W𝑭b

)
, (A.42)

where the location of the pelvis can be obtained from

W𝑻pv = W𝑻b
b𝑻pv (A.43)

with

b𝑻pv =

(
𝑰3×3

W𝒓bpv
0 1

)
. (A.44)
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Here, W𝒓bpv is a constant distance from the floating-base to the pelvis. The wrench may also be expressed in
local coordinates (similar to a sensor) by( pv𝑭pv

pv𝑴pv

)
=

(pv𝑨W 0
0 pv𝑨W

) ( W𝑭pv
W𝑴pv

)
. (A.45)

A.4 Images

Figure A.3 Shorter version of the Prototype II (ANP) in an early development stage without extension elements at (a),
(b), (c), which are required for the current electronics prototype.

49
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192mm

Figure A.4 Top, side view and dimensions of the exoprosthesis
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A.5 Tables

A.5.1 Kinematics

Table A.1 MDH-Parameters of the 3SPS-1RR wrist for b𝑻j

𝑖 𝛼𝑖 [rad] 𝑎𝑖 [m] 𝑑𝑖 [m] 𝜃𝑖 [rad]
1 0 ℎ 0 𝑞 𝑗

2 − 𝜋
2 0 0 𝑞 𝑗

Table A.2 MDH-Parameters of prosthesis I and II to derive coordinate frames b𝑻j

𝑖 𝛼𝑖 [rad] 𝑎𝑖 [m] 𝑑𝑖 [m] 𝜃𝑖 [rad]
1 0 𝑎1 𝑑1 𝑞1 + 𝜋
2 𝜋

2 𝑎2 𝑑2 𝑞2 + 𝜋
2

3 𝜋
2 0 0 𝑞3 + 𝜋

2
4 − 𝜋

2 0 0 𝑞4

Table A.3 MDH-Parameters for exoprosthesis 𝑖 = 1..7, exoskeleton 𝑖 = 1..3, human 𝑖 = 1..3 and prosthesis 𝑖 = 4..7

𝑖 𝛼𝑖 [rad] 𝑎𝑖 [m] 𝑑𝑖 [m] 𝜃𝑖 [rad]
1 − 𝜋

2 0 0 𝑞1 + 𝜋
2

2 − 𝜋
2 0 0 𝑞2 + 𝜋

2
3 − 𝜋

2 0 0 𝑞3
4 0 3.31e-01 0.0 𝑞4 + 𝜋
5 𝜋

2 0.0 2.57e-01 𝑞5 + 𝜋
2

6 𝜋
2 0 0 𝑞6 + 𝜋

2
7 − 𝜋

2 0 0 𝑞7

Table A.4 Generalized coordinates of the floating-base systems exoskeleton, prosthesis, exoprosthesis and human

Generalized coordinates Rows of
Tab. A.3

Exoskeleton 𝒒cE =
(W 𝒕𝑇bE

W𝝋𝑇bE 𝒒𝑇E
)𝑇 1 . . . 3

Prosthesis 𝒒cp =

(
W 𝒕𝑇bp

W𝝋𝑇bp 𝒒𝑇p
)𝑇

4 . . . 7

Exoprosthesis 𝒒ce =
(W 𝒕𝑇be

W𝝋𝑇be 𝒒𝑇e
)𝑇 1 . . . 7

Human 𝒒ch =
(W 𝒕𝑇bh

W𝝋𝑇bh 𝒒𝑇h
)𝑇 1 . . . 3
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A.5.2 System Properties

Table A.5 Parameters of the pneumatic Franka Emika robot

Name Variable Value Unit
Maximum joint torque 𝜏max 79 Nm
Maximum joint angles 𝑞max ±130 deg
Actuator outer radius 𝑟ro 6.4 cm
Actuator inner radius 𝑟ri 0.5 cm
Actuator width 𝑏 6.4 cm
Volume at 𝑞 = 0 𝑉0 0.236 l
Valve maximum area 𝐴max 5 mm2

Valve discharge coeffi-
cient

𝑐f 0.38 -

Valve bandwidth 𝑞 = 0 𝑓 666 Hz
Supply pressure 𝑃sup 7 bar

Table A.6 Size and weight specifications S of the prototype II (ANP)

Unit
Total weight (without hand) 1.70 kg
Weight of hand (Softhand Pro 2) [290] 0.34 kg
Weight of forearm/elbow joint 0.5 kg
Weight of wrist module 0.4 kg
Payload 1.25 kg
Length (elbow-to-wrist) 350 mm
Forearm diameter 63 mm
Active dof (elbow to wrist) 4 -

Table A.7 Performance design specifications S of the prototype II (ANP)

𝑖 1 2 3 4 Unit
𝑞max,𝑖 80 120 72 60 deg
𝑞min,𝑖 -100 -120 -72 -60 deg
¤𝑞max,𝑖 360 360 60 60 deg/s
𝜏max,𝑖 30 15 3.5 3.5 Nm
𝐹t,max,𝑖 170 170 170 - N
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